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1.0 Executive Summary

1.1 Purpose

The U.S. Environmental Protection Agency’s (EPA’s) fertilizer risk assessment uses
existing and available data to estimate potential risks posed to human health and the environment 
by contaminants in fertilizers.  The primary purpose of the fertilizer risk assessment is to inform
the Agency’s decisions as to the need for federal regulatory action on fertilizer contaminants.  In
addition, EPA believes that the data and analytical methods used for this risk assessment may be
useful to state regulatory agencies making decisions about the need for and nature of risk-based
standards for fertilizers. 

1.2 Approach

This risk assessment uses a probabilistic methodology to estimate the incremental increase
in lifetime cancer risk and/or noncancer health effects associated with exposure to hazardous
constituents contained in fertilizers and other agricultural soil amendments. The methodology
used to assess the potential risk from hazardous constituents in fertilizers is adopted from EPA’s
assessment of risk from the use of cement kiln dust (CKD) as an agricultural liming agent.  The
CKD risk assessment methodology has been independently peer reviewed by the Cooperative
State Research Education and Extension Service Technical Committee W-170 of the U.S.
Department of Agriculture (USDA).  For the fertilizer study, the risk assessment methodology has
been revised to incorporate and address pertinent peer review comments and to more accurately
and appropriately assess potential risks associated with hazardous constituents in fertilizer
products.

Materials assessed include the most commonly used macronutrient fertilizers, which
contain nitrogen, phosphorus, and potassium (NPK fertilizers); micronutrient (e.g., zinc)
fertilizers; and soil amendments (i.e., materials applied to the land primarily to enhance soil
characteristics rather than as plant food).  The assessment evaluates the risks from 9 metals
(cadmium, lead, arsenic, chromium, mercury, nickel, vanadium, copper, and zinc) and 17 dioxin
congeners potentially contained in each of 13 fertilizer products. To address the range of climate
conditions in areas where fertilizers are applied, this analysis assesses the use of fertilizers on
different types of crops grown in 29 representative meteorological regions within the continental
United States.

Information on fertilizer composition, contaminant concentration, and use pattern is
provided in Draft Final Report:  Background Report on Fertilizer Use, Contaminants and
Regulations (U.S, EPA, 1998). Data on levels of dioxin concentrations in fertilizers used in this
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analysis are taken from the Screening Survey for Metals and Dioxins in Fertilizers, Soil
Amendments, and Soils in Washington State (Rogowski and Golding, 1998).

Receptors evaluated in this analysis are farmers and their children who are exposed on a
farm where the fertilizer product is applied at agronomically appropriate rates.  Farmers and farm
children are evaluated as the individuals within the general population who are most likely to be
highly exposed to hazardous constituents in fertilizers. The exposure routes evaluated are 

# Direct ingestion of fertilizer products during fertilizer application, 

# Ingestion of soil amended with fertilizers, 

# Inhalation of particles and vapors in the air during and after fertilizer spreading and
tilling, 

# Ingestion of plant and animal products produced on soil amended with these
products, and 

# Ingestion of home-caught fish from streams located adjacent to fertilizer-amended
fields. 

The groundwater exposure pathway (i.e., the ingestion of contaminated groundwater) was not
evaluated for this analysis of risk from materials that are land applied which show that
groundwater contamination is not likely to occur at levels of concern.  

This analysis does not include a comprehensive evaluation of ecological risks. Ecological
risks are evaluated, however, by comparing the concentrations of metals and dioxins predicted to
be washed into streams located adjacent to farm fields to the EPA’s ambient water quality criteria. 

1.3 Findings

Of the large number of fertilizer products evaluated, only a few had contaminant levels
high enough to potentially cause cancer risk or noncancer hazard of concern.  Therefore, the
results of this analysis indicate that, based on the data available, hazardous constituents in
fertilizers generally do not pose harm to human health or the environment.  The study indicates
potential human health risks of concern from only arsenic and dioxin congeners found in select
liming agents and micronutrient fertilizers.  Generally, the potential risk from certain liming agents
and micronutrient fertilizers can be attributed to a single product sample with a single high
constituent concentration that far exceeds contaminant levels found in other similar fertilizer
products.  With these few exceptions, the contaminant levels found in the fertilizer products
analyzed for this report are not expected to cause risks of concern, either through contamination
of food products or through incidental ingestion of either the fertilizer product or of soil amended
with fertilizer. 
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As previously noted, risks estimated in this risk assessment are for the farmer and the farm
child, individuals within the general population who are most likely to be highly exposed to
hazardous constituents in fertilizers. Farmers and farm children are assumed to consume a large
portion of their food intake from exposed vegetables, exposed fruit, root vegetables, and beef and
dairy products from home-grown sources amended with fertilizer products. These receptors also
are assumed to ingest amended soil, to inhale vapors and particles from windblown emissions and
emitted during the application of fertilizer products, and to ingest fertilizer products incidentally
on the days that fertilizers are applied. The risks estimated using these high-exposure assumptions
should reasonably demonstrate the limit for risk for all receptors. All other receptors (adult and
child residents, recreational fishers, and home gardeners) are expected to have lower exposures
through fewer pathways and, thus, lower risk than the farmer and his/her child. 

Based on the ecological screening assessment, no exceedances of water quality criteria are
projected. 

1.4 Uncertainties

Uncertainty is inherent in the risk assessment process. It occurs because the risk
assessment process is complex, and variability is inherent in the environment.  Primary sources of
uncertainty and their implications for this risk assessment are discussed in Section 8 of this
document.  They are summarized here.

Product characterization, which includes assumptions about fertilizer composition and use,
is a primary source of uncertainty in this risk assessment. The data presented in this document
incorporate a large number of fertilizer samples, and attempts have been made to include all
available and acceptable data. Still, it must be noted that the data are limited and cannot be
characterized as wholly representative of all fertilizer types. There is a wide range of metal
concentrations in the fertilizers, as well as a wide range of application rates of fertilizers, which
results in highly variable metal soil loadings from fertilizer application. EPA has attempted to
address this variability by using all available data and a probabilistic risk assessment approach.
Given the limited data available for some of the products assessed, however, products may exist
outside the range of composition and application parameters considered by EPA for this
assessment. Consequently, this approach is not adequate to fully characterize the variability in
composition and use of fertilizer products.

The physical and chemical properties of soil are among the most important parameters
affecting the fate and transport of metals and dioxins in agricultural environments. Relationships
among many critical soil parameters are very complex and cannot be estimated by the simple
systems used for fate and transport modeling in this risk assessment. Instead, complex interactions
among soil parameters are addressed only indirectly in this risk assessment through the use of
empirically derived soil-water distribution coefficients and soil-plant uptake factors for metals.
Although his approach is likely to cover the range of complex soil and soil-plant interactions,
much uncertainty remains in this area.
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2.0 Introduction

2.1 Purpose

In 1997, the U.S. Environmental Protection Agency (EPA) initiated an effort to examine
whether contaminants in fertilizers may be causing harmful effects and whether additional
government actions to safeguard public health and the environment may be warranted. As part of
that effort, EPA’s Office of Solid Waste (OSW) undertook an assessment of the potential risks
posed by heavy metals and other contaminants in fertilizers. This report presents the findings of
that risk assessment. The risk assessment is based in large part on a study conducted by EPA’s
Office of Pollution Prevention and Toxics (OPPT), which assembled and synthesized available
information on  contaminants in fertilizers and soil amendments, fertilizer application rates, and
how fertilizers are regulated in the United States and in other countries. The results of that study
are presented in Draft Final Report:  Background Report on Fertilizer Use, Contaminants and
Regulations (U.S. EPA, 1998, referred to here as the OPPT report). 

EPA’s fertilizer risk assessment is intended primarily to estimate, based on existing and
available data, the magnitude of potential risks to humans that may be posed by contaminants in
fertilizers and, thus, to inform the Agency’s decisions on the potential need for federal regulatory
action on fertilizer contaminants. The results of the risk assessment also may assist the Agency in
making certain general findings about the Resource Conservation and Recovery Act (RCRA)
rule-making effort currently under development for hazardous waste-derived fertilizers. In
addition, EPA believes that the data and analytical methods used for this risk assessment may be
useful to state regulatory agencies making decisions about the need for and nature of risk-based
standards for fertilizers. 

2.2 Background

This report presents the risk assessment methodology used to estimate the incremental
increase in lifetime risk from the use of fertilizers and other agricultural soil amendments.
Materials assessed include the most commonly used macronutrient fertilizers, which contain
nitrogen, phosphorus, and potassium (NPK fertilizers); micronutrient (e.g., zinc) fertilizers; and
soil amendments (i.e., materials applied to the land primarily to enhance soil characteristics rather
than as plant food). 

The methodology used to assess the potential risk from fertilizers is adopted from EPA’s
assessment of the risk from the use of cement kiln dust (CKD) as an agricultural liming agent.
EPA’s OSW conducted an assessment of the risk to individuals from the agricultural use of CKD
as part of the Agency’s development of proposed regulations governing storage, management,
and disposal of CKD. The CKD agricultural use risk assessment evaluated fate and transport of
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hazardous constituents (metals and dioxin) through air, soil, and surface water pathways.
Receptor scenarios analyzed for the CKD analysis included the farmer, fisher, home gardener, and
child of farmer exposed through both direct (e.g., soil ingestion) and indirect (i.e., food chain)
routes of exposure. The CKD proposed rule is scheduled to be published in the Federal Register
in summer 1999.

Although the methodology used to assess the risks from CKD is used as a framework for
the fertilizer assessment, the fertilizer assessment has been adapted or altered as necessary to
address use and composition differences between CKD and other types of soil amendments.
Assumptions regarding hazardous constituent concentrations in fertilizers and soil amendments
and agricultural application rates and frequencies are based on information provided in the OPPT
report.  In addition, the CKD risk assessment was submitted for peer review to the Cooperative
State Research Education and Extension Service Technical Committee W-170 of the U.S.
Department of Agriculture (USDA). A copy of the W-170 peer review report is provided in
Appendix A. 

A number of substantive recommendations made regarding the CKD assessment by the
peer reviewers for that assessment are pertinent to the fertilizer assessment. These comments have
been considered for the fertilizer assessment, and the risk assessment methodology has been
revised to address them and to more accurately and appropriately assess potential risks associated
with hazardous constituents in fertilizer products. Appendix B contains a report which describes
the fertilizer-related issues raised by the CKD risk assessment peer reviewer panel and presents
options and recommendations for revising the CKD methodology to assess the risks associated
with hazardous constituents in fertilizer products.  

2.3 Document Organization

Section 3, Analytical Framework—presents an overview of the risk analysis.

Section 4, Risk Assessment Scenario—discusses how risk assessment scenarios are
established, including characterization of fertilizer products (i.e., definitions, patterns of use,
application rates, constituent composition), geographic location, and associated parameters (i.e.,
meteorologic regions, agricultural land use, climate data, soil data, farm size, crop types, and plant
uptake factors) and a description of receptors and exposure pathways.

Section 5, Estimating Exposure Point Concentrations—describes the methodology
used to estimate exposure point concentrations. This section also identifies and describes the fate
and transport and exposure models used in this risk assessment. 

Section 6, Exposure and Toxicity Assessments—presents exposure assumptions used
for incidental ingestion of fertilizers, ingestion of soil, ingestion of homegrown produce
(vegetables, fruits, root crops, and so on), home-produced beef and dairy products, and home-
caught fish. The effects of exposure duration, body weight, and inhalation rate also are addressed.
This section also presents and discusses health benchmarks for metals and dioxin congeners. 
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Section 7, Risk Characterization—presents a summary of the results of this analysis and
provides a characterization of the human health risks from metals and dioxins in fertilizer
products. Ecological risk screening results also are presented in this section.

Section 8, Uncertainty—discusses the variability and uncertainty associated with this risk
assessment.

Section 9, Comparison of Standards—compares EPA’s fertilizer risk assessment with
comparable standards and assessments. Both the state of California and Canada have undertaken
efforts to identify and limit potential risks from the use of fertilizers. In addition, EPA regulates
the use of sewage sludge applied to land. EPA’s sewage sludge standards set risk-based
concentration limits for metals in sewage sludge that are used to condition soil or fertilize crops.
This section provides a brief summary of the scope and purpose of each of these efforts, describes
the methodology used to derive standards, and identifies key similarities and differences between
these efforts and the fertilizer assessment described in this document. 

Section 10, References—contains a list of all citations in this document.
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3.0 Risk Assessment Framework
This section presents an overview of the process used to estimate potential risks to human

health from exposure to contaminants in fertilizers and other agricultural soil amendments. 

3.1 Establishing Risk Assessment Scenarios

This risk assessment is designed to estimate the incremental increase in lifetime risk to
farmers and their children who are exposed to metals and dioxin compounds contained in fertilizer
products. Farmers and farm children are evaluated as the individuals within the general population
who are most likely to be highly exposed to the hazardous constituents in fertilizers. The
assessment evaluates both direct exposure to metals and dioxins during fertilizer application and
indirect exposure to these compounds through ingestion of plant products produced on fertilized
soil and animals fed fertilized produce. The analysis estimates concentrations for each metal and
dioxin congener in soils, surface water, plant tissue (fruits, vegetables, grains, and forage), and
animal tissue (fish and beef and dairy products) for each of the 13 fertilizer products. The analysis
evaluates the use of fertilizers for five different categories of crops grown within 29 climate
regions within the United States.

3.1.1 Characterization of Fertilizer Products—Composition and Use

3.1.1.1  Description of Fertilizer Products Analyzed. Information on fertilizer products
(i.e., ingredients, levels of contaminants, use patterns) is taken from information provided in Draft
Final Report: Background Report on Fertilizer Use, Contaminants and Regulations (U.S. EPA,
1998). This report documents metal concentrations in fertilizer products and application rates
associated with those products. The products are grouped into three primary types of fertilizers:
primary nutrients, liming agents, and micronutrients. Primary nutrients include products that
contain nitrogen (N), phosphorus (P), and potassium (K) either singly or in combination (NPK).
Liming agents are products intended to neutralize soil acidity. Micronutrient products are
products used to supplement the needs of plants for certain metals, including boron, chlorine,
cobalt, copper, iron, manganese, molybdenum, sodium, and zinc. Micronutrient products, in
particular, may be derived or produced from hazardous waste. The U.S. Environmental
Protection Agency (EPA) report on fertilizer characterization, however, does not provide
information on which fertilizer products are derived from hazardous waste. Consequently, risks
from hazardous waste-derived fertilizers cannot be characterized separately from nonwaste-
derived products for this analysis.

The combinations of application rates and constituent concentrations reported in EPA’s
fertilizer characterization document are used to estimate the metal loading rates to the soil, which
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are the primary driving factors for risk in this assessment. According to the report, micronutrient
fertilizers contain the highest concentrations of metals; however, the application rates reported for
these products are very low. Primary nutrient fertilizers have relatively low metal concentrations
and moderate application rates. Liming agents have moderate concentrations of metals but very
high application rates. 

Data on levels of dioxin concentrations in fertilizers used in this analysis are taken from
Screening Survey for Metals and Dioxins in Fertilizers, Soil Amendments, and Soils in
Washington State (Rogowski and Golding, 1998). This document presents sampling and analysis
results for 51 fertilizer products for 17 dioxin congeners. Application rates for the fertilizers
analyzed were not included in the Washington state report; therefore, application rates for
corresponding product types from the EPA report are used to estimate loadings of dioxin to
agricultural soils. 

3.1.1.2  Geographic Location and Associated Parameters. The geographic location of
fertilizer application determines many significant fate and transport factors in this risk analysis.
Location-related parameters that most influence fate and transport of contaminants are climate
condition and soil type. To address the range of climate conditions in areas where fertilizers are
applied, this analysis assessed the use of fertilizers in 29 meteorological regions within the
continental United States (CONUS). These 29 regions are considered to be representative of both
the broad geographic climate regions that characterize CONUS and the more narrowly defined
meteorological stations for which data are available throughout the United States. Climate
parameters, such as annual rainfall, and meteorological parameters, such as annual average wind
speed (used for air modeling), were assumed to be uniform throughout the climate region for this
analysis.  These data were obtained from the National Climate Data Center (NCDC). The analysis
used the ranges of climate and meteorological data pertaining to a single site within the climate
region. The parameters corresponding to the individual site were assumed to be representative of
the parameters for the region. 

Additional geographic information (e.g., land use type, soil conditions) for smaller
geographic units corresponding to specific areas and locations within each of the 29 climate
regions is available from geographic information system (GIS) databases. In a GIS, each of these
smaller areas or “map units” has its own identification number so that location-specific data can
be pulled from GIS databases using map unit identification numbers. For this analysis, only
agricultural land was assessed. Areas within each climate region used for agriculture were
identified based on data provided in the Geographic Information Retrieval and Analysis System
(GIRAS), a GIS database developed and maintained by EPA, which contains land use
information. Soil parameter data for each map unit were obtained from existing GIS databases
(e.g., the State Soil Geographic [STATSGO] database) and integrated and varied in the analysis
within each climate region. Integration of information maintained in GIS databases provides a
means of addressing variations in climate and soil conditions as part of the risk analysis. 

3.1.1.3  Crop Types. The type of crop to which fertilizer is applied is significant in
determining how much of a contaminant is taken up in the crop. Key inputs necessary to estimate
contaminant concentrations in plant tissue include rates of contaminant uptake into plants from
soil and vapor and from deposition of particles onto plant surfaces. The agricultural census
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database maintained by the U.S. Department of Agriculture (USDA) indicates which crops are
produced commercially in each county in the United States. For this analysis, the list of specific
crops presented in the Agricultural Census was grouped into five categories: grains, forage, fruit,
herbage, and roots. Plant uptake factors specific to each crop type are used to estimate the
concentration of the contaminant in plant tissue as a function of concentrations in the soil. All
crops are produced in all regions; however, predominant production for each crop occurs in
specific geographic locations. Risk is estimated for all products applied to all crops in all areas.

3.1.2 Description of Receptors and Exposure Pathways

3.1.2.1  Receptors. The receptors in this risk analysis are farmers and their children who
are exposed on a farm where the fertilizer product is applied as directed. The relevant exposure
routes are 

# Direct ingestion of the fertilizer product during fertilizer application, 

# Ingestion of soil amended with fertilizers, 

# Inhalation of particles and vapors in the air during and after fertilizer spreading and
tilling, 

# Ingestion of plant and animal products produced on soil amended with these
products, and 

# Ingestion of home-caught fish from streams located adjacent to fertilizer-amended
fields. 

The groundwater exposure pathway (i.e., ingestion of contaminated groundwater) was not
evaluated for this assessment based on previous analyses of the risk from land-applied materials.
These analyses include EPA’s assessment of risk from land treatment of petroleum industry waste
for the Agency’s hazardous waste listing program, an assessment of risk from fertilizers
conducted by the state of California, and EPA’s assessment of risk from the agricultural use of
biosolids. The results of these analyses indicate that potential risks from groundwater pathways
are expected to be low relative to those from nongroundwater pathways (e.g., ingestion of
contaminated soil or food products). Based on the results of these analyses, EPA did not conduct
a quantitative analysis of groundwater pathway risk from fertilizer use for this assessment. 

This analysis does not include a comprehensive evaluation of ecological risks. Ecological
risks are evaluated by comparing the concentrations of metals and dioxins predicted to be washed
into streams located adjacent to farm fields to EPA’s ambient water quality criteria.  

3.1.2.2  Exposure Pathways. Pathways evaluated in this risk analysis are presented
below. All exposure pathways evaluated are assumed to occur as a result of recommended
agronmonically appropriate use procedures for fertilizer products. 
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Table 3-1.  Exposure Scenarios

Pathways Adult Farmer Child of Farmer

Inhalation Pathways

      Windblown emissions T T

      Application and tilling T T

Ingestion Pathways

      Ingestion of product T

      Ingestion of soil T T

      Ingestion of vegetables T T

      Ingestion of fruits T T

      Ingestion of root vegetables T T

     Ingestion of beef and dairy products T T

     Ingestion of home-caught fish T T

       

Product÷human ingestion

Product÷soil÷human ingestion

Product÷soil÷air÷human inhalation

Product÷soil÷air÷plant÷human ingestion (above-ground vegetable, fruit)

Product÷soil÷air÷plant÷cattle÷human ingestion (beef and dairy through forage and
silage)

Product÷soil÷plant÷human ingestion (above-ground vegetable, fruit, root vegetable)

Product÷soil÷plant÷cattle÷human ingestion (beef and dairy through grain, forage, and
silage)

Product÷soil erosion÷stream÷fish÷human ingestion

Product÷soil÷air÷stream÷fish÷human ingestion
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3.2 Estimating Exposure Point Concentration 

3.2.1 Risk Assessment Method

This risk assessment uses a probabilistic methodology to estimate a distribution of lifetime
risk to the individual farmer and farm child from 9 metals and 17 dioxin congeners in 13 fertilizer
products applied to crops in 29 climate regions. Risks are estimated based on distributions of
exposure point concentrations of each of the hazardous constituents in soil, surface water, plant
tissue, and animal tissue combined with distributions of assumptions about the amount and rate of
ingestion or other exposure to contaminated products. Commercially available software (Crystal
Ball) was used to perform a Monte Carlo simulation.

Monte Carlo analysis is a statistical technique that calculates an individual risk value
repeatedly using randomly selected inputs for each parameter in the exposure scenario. This
methodology provides a means of quantifying variability and uncertainty in risk assessments by
evaluating combinations of a range of possible parameters. Examples of variable parameters that
are critical to an assessment of risk from fertilizers include concentrations of hazardous
constituents, rates and frequencies of fertilizer application, and assumptions about food intake.
Values selected for the input parameters are taken from a distribution of possible values for each
parameter. Repetitive calculations using randomly selected combinations of input parameters
generate a distribution of risk results from which risks representing the high end (e.g., 90th
percentile) or central tendency (i.e., 50th percentile) can be determined. Although the simulation
is internally complex, commercial software performs the calculations as a single operation,
presenting a distribution of risk results associated with varying combinations of possible input
parameters.

3.2.2 Fate and Transport Modeling

This risk analysis employs several key fate and transport models. A particle emissions
model (AP-42) is used to estimate the rate of emission for particles from agricultural fields under
various soil and climate conditions (U.S. EPA, 1995). EPA’s Industrial Source Complex Short
Term, Version 3 (ISCST3) is used to estimate the dispersion and deposition of vapors and
particles emitted from agricultural fields (U.S. EPA, 1998). Soil partitioning is modeled using
equations presented in a series of articles by Jury and colleagues (1983, 1984, 1990). The soil
partitioning model is used to estimate the contaminant concentrations in soil after loss from soils
as a result of degradation, volatilization, leaching, and rainwater runoff.  The universal soil loss
equation (USLE) is used to estimate soil erosion and transport of sediment from agricultural fields
to nearby waterbodies (USDA, 1978). Finally, EPA’s indirect exposure model (IEM) is used to
estimate exposure point concentrations and individual risk by indirect or food chain pathways
(U.S. EPA, 1993).

3.2.2.1  Air Modeling

3.2.2.1.1  Particle Emissions Model (AP-42).  EPA’s Compilation of Air Pollutant
Emission Factors (U.S. EPA, 1985b) (referred to as AP-42) presents a series of equations used to



Section 3.0 Risk Assessment Framework

3-6

estimate the rate of emission for particles under various conditions. In this analysis, equations are
used to estimate emission rates for annual average windblown emissions and for intermittent
emissions due to fertilizer application and tilling operations. These emission rates are summed to
estimate a total annual emission rate for particles. This model used soil and climate parameters in
the equations, and the results are specific for each climate region. 

3.2.2.1.2  Air Dispersion and Deposition Model (ISCST3). Air dispersion and deposition
modeling is used to estimate the initial fate and transport of vapor and particle emissions in the
environment. Air dispersion modeling is conducted with ISCST3 (U.S. EPA, 1998). The ISCST3
model is used to estimate the air concentration of vapors, the wet deposition of vapors, the air
concentration of particles, the wet deposition of particles, and the dry deposition of particles.
These outputs are used to estimate risk through direct inhalation and through deposition of
contaminants onto plant surfaces and into nearby streams. 

3.2.2.2  Soil Modeling

3.2.2.2.1  Soil Partitioning Model. The soil partitioning model is used to simulate the
application of metals and dioxins to the agricultural fields and to estimate the loss of constituents
that occurred over time through leaching, volatilization, runoff, and biodegradation. Equations
used in this model are based on equations described by Jury et al. (1983, 1984, 1990). Data used
in these equations to estimate the fate and transport of constituents in soil include initial product
constituent concentrations; application rates; application frequencies; periods of application; soil
and climate parameters; and constituent-specific physical and chemical properties, such as Henry’s
law constants and soil-water partitioning coefficients (Kds). This model is used to estimate the soil
concentration and the emission rate for volatile constituents at annual intervals during and after
fertilizer application.  

3.2.2.3  Surface Water Modeling

3.2.2.3.1  Universal Soil Loss Equation. The USLE is used to estimate soil erosion and
overland transport of sediment from agricultural fields across intervening areas to nearby
waterbodies using a distance-based sediment delivery ratio (USDA, 1978). To preserve mass
balance within the setting, the sediment not reaching the waterbody is assumed to be deposited
evenly over the area intervening between the farm field and the nearby stream. 

3.2.2.4  Food Chain Modeling

3.2.2.4.1  Indirect Exposure Model. The indirect exposure model is used to estimate the
fate and transport of constituents through the environment and into the food chain to produce
estimates of human health risk. Risks to the farm family can occur through ingestion of plants
grown on amended soil and/or through ingestion of beef and dairy products from animals raised
on fertilized crops. The indirect exposure model is used to estimate exposure point concentrations
in plant, animal, and fish tissue by using constituent- specific food chain biotransfer factors. 
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A distribution of plant biouptake factors for metals was developed specifically for this
analysis. A large number of literature sources were reviewed to identify the range of soil-plant
uptake factors that adequately represent the physical and chemical interactions that occur in
fertilizer-amended soil and that correspond to the specific crop types assessed. For beef and dairy
products, empirically derived food chain transfer factors were used to estimate the  concentrations
of metals and dioxins in animal tissue. For fish, bioconcentration factors are used to estimate the
concentrations of metals in fish tissue based on the metal concentration in the water column. Fish
sediment accumulation factors are used to estimate the concentrations of dioxins in fish tissue
based on the concentrations in the sediment.

3.3 Exposure and Toxicity Assessments

The estimated exposure point concentrations in soil, plants, and animal products are 
combined with exposure factors (e.g., exposure duration, ingestion rates) and toxicity benchmarks
to estimate human health risk. The exposure factors used in this risk assessment are distributions
provided in the Exposure Factors Handbook (U.S. EPA, 1997a, 1997b, 1997c). Toxicity
assessments are performed differently for carcinogens and noncarcinogens. For carcinogens, EPA
calculates the probability of getting cancer from a particular exposure level using a cancer slope
factor. For noncarcinogens, the Agency calculates the ratio of the exposure level to an allowable
reference dose to determine a hazard quotient (HQ).

Health benchmark values used for metals in this analysis were taken from the Integrated
Risk Information System (IRIS) database or the Health Effects Assessment Summary Tables
(HEAST) (U.S. EPA, 1997f). The health benchmark for dioxin congeners was obtained from
Estimating Exposure to Dioxin-Like Compounds (U.S. EPA, 1994a). No health benchmark was
available for lead. Instead, adverse effects from lead are defined in terms of blood lead levels. To
estimate blood lead levels, exposure point concentrations of lead were used as inputs to the
Integrated Exposure Uptake Biokinetic (IEUBK) model for lead, which calculates blood lead
level concentrations. These concentrations are then compared to a benchmark of 10 µg/dL. 

3.4 Characterizing Risk

 The Monte Carlo analysis conducted for this assessment generates 1,000 risk estimates
(cancer probabilities or HQs) by exposure pathway for each constituent and each combination of
the 13 fertilizer products and the 29 climate regions evaluated. These estimates are used to
develop a distribution of risk and HQs for each of these combinations, which could then be
evaluated to identify potential human health risks associated with fertilizer use. EPA’s hazardous
waste program generally defines levels of concern for carcinogens as risks of 1x10-5 (1 in
100,000) at the upper end of the risk distribution (e.g., 90th or 95th  percentile). An HQ of 1 or
greater at the upper end of the distribution is generally used to indicate noncancerous effects of
concern. The quantitative results of this assessment are summarized in Section 7.0. The results of
this analysis indicate that fertilizers generally do not pose harm to human health or the
environment. 
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4.0 Establishing Risk Assessment Scenarios
This analysis assesses the risks to human health from use of fertilizers, micronutrients, and

other agricultural soil amendments. The assessment evaluates potential risks associated with 13
agricultural products that contain measured concentrations of metals and dioxin congeners and
are applied to agricultural fields and home gardens at recommended application rates and 
frequencies. The fields and gardens are assumed to be located within the conterminous United
States. This section identifies and provides information on data the U.S. Environmental Protection
Agency (EPA) used to conduct the risk assessment. It also identifies and describes the exposure
pathways assessed in this analysis.

4.1 Characterization of Fertilizer Products

This section first summarizes information on characterization and use of fertilizers and soil
amendments and then provides specific information on the composition and application of
individual primary nutrient, secondary nutrient, and micronutrient fertilizers and liming materials
considered in this analysis. The data presented in this section are taken from Draft Final Report:
Background Report on Fertilizer Use, Contaminants and Regulations, published by the EPA’s
Office of Pollution Prevention and Toxics (OPPT) (U.S. EPA, 1998).

It is important to acknowledge the limitations of the data used in this analysis. The data
presented in this document incorporate a large number of fertilizer samples, and attempts have
been made to include all available and acceptable data. Still, it must be noted that the data are
limited and cannot be characterized as wholly representative of all fertilizer types. There is a wide
range of metal concentrations in the fertilizers as well as a wide range of application rates, which
result in highly variable metal soil loadings from fertilizer application. Again, although EPA has
attempted to address this variability by using all available data and probabilistic assessment
methodology, products may exist that are outside the range of composition and application
parameters considered by EPA for this assessment.  

4.1.1 Definition of Fertilizers and Soil Amendments

A fertilizer is defined by the Association of American Plant Food Control Officials 
(AAPFCO) as “any substance containing one or more recognized plant nutrient(s) which is used
for its plant nutrient content and which is designed for use or claimed to have value in promoting
plant growth” (AAPFCO, 1997a). A fertilizer material is a fertilizer that either

(a) Contains important quantities of no more than one of the primary plant nutrients:
nitrogen (N), phosphorus (P), and potassium (K); or
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(b) has 85% or more of its plant nutrient content present in the form of a single
chemical compound; or

(c) is derived from a plant or animal residue or by-product or natural material deposit
which has been processed in such a way that its content of plant nutrients has not
been materially changed except by purification and concentration  (AAPFCO,
1997b).

Primary nutrients in fertilizers are nitrogen (N), available phosphate (P2O5), and soluble
potash (K20). Fertilizers are developed to contain these individual nutrients or a combination of
them (multiple-nutrient fertilizers). Secondary nutrients and micronutrients are defined by
AAPFCO as “those other than the primary nutrients that are essential for the normal growth of
plants and that may need to be added to the growth medium.”  Calcium, magnesium, and sulfur
are considered to be secondary nutrients, whereas micronutrients include boron, chlorine, cobalt,
copper, iron, manganese, molybdenum, sodium, and zinc. A liming material is defined as “a
product whose calcium and magnesium compounds are capable of neutralizing soil acidity”
(AAPFCO, 1997b).

4.1.2 Consumption Patterns in the United States

According to the OPPT report, more than 54 million tons (110 billion lb) of commercial
fertilizers and liming materials were purchased commercially for use in the United States in the
year ending June 30, 1996. Primary nutrients (N, P, K) accounted for 91 percent of this total,
liming material accounted for about 4 percent, and organic fertilizers for 1 percent. Approximately
5 percent was due to secondary nutrient fertilizers (calcium, magnesium, sulfur) and
micronutrients.

Fertilizer consumption was reported for nine main regions:  New England, Middle
Atlantic, South Atlantic, East North Central, West North Central, East South Central, West
South Central, Mountain, and Pacific. The three regions with the highest total fertilizer
consumption are the West North Central region (12,905,624 tons), the East North Central region
(10,696,555 tons), and the South Atlantic region (8,209,554 tons). 

States with the highest fertilizer consumption are the agricultural states in the Corn Belt
and California. Florida (1.6 million tons) and Texas (1.6 million tons) consume the most multiple-
nutrient fertilizers, whereas Illinois consumes the most single-nutrient nitrogen, phosphate, and
potash fertilizers (1.9, 0.8, and 1.0 million tons, respectively). North Carolina consumes the most
liming materials (0.9 million tons), whereas California consumes most of the secondary nutrient
and micronutrient fertilizers (1.6 million tons). Individual states that consume more than 2 million
tons of fertilizer include Florida, Minnesota, Ohio, Nebraska, North Carolina, Texas, Iowa,
Illinois, and California.

Fertilizer consumption also is presented by major crop type in the OPPT document. Corn
is the field crop with the most acres planted (70 million) and the highest levels of nitrogen,
phosphate, and potash fertilizers applied to it (9, 3, and 4 billion lb, respectively). Ninety-nine
percent of the tobacco crop (0.4 million acres) and more than 90 percent of the potato crop (0.8



Section 4.0 Establishing Risk Assessment Scenarios

4-3

million acres) are fertilized with nitrogen, phosphate, and potash fertilizers. Less than 30 percent
of the soybean crop (50 million acres) receives applications of these primary nutrients.

4.1.3 Application Rates

The application rates for nitrogen, phosphate, and potash fertilizers presented in the OPPT
document are taken from the U.S. Department of Agriculture’s (USDA’s) National Agricultural
Statistics Service database. Application rates for secondary nutrients,  micronutrients, lime, and
gypsum are derived from interviews with experts in the area, including leading scientists with the
agricultural extension services in seven states, and from information published by agricultural
extension services on the Internet for eight states. Because of the variability in application rates of
fertilizers, the rates in the OPPT document cover a range of potential values. Only selected
percentiles from the distribution of application rates are presented in the OPPT document. The
application rates reported in the OPPT document are given as the application rate per unit active
ingredient. The 50th percentile is presented as the average application rate, the 85th percentile as
the high application rate, and the 95th percentile as the maximum application rate.  For this risk
assessment, the selected percentiles presented in the document were used to develop a distribution
of application rates. It is assumed that all fertilizer products are applied annually. Table 4-1 shows
the average, high, and maximum application rates of fertilizers, as presented in the OPPT
document. The distributions of application rates are developed based on a normal distribution, and
the percentiles in this table are presented in Appendix J.

Application rates of fertilizers affect the metal soil loadings resulting from fertilizer
application. The OPPT document also includes the percentage of the active ingredient in each
product and the measured concentration of each metal in the product so that comparable loading
rates for metals can be developed for products based on the application of a unit active ingredient.
For example, although high levels of metals are often in the micronutrient fertilizers, the low
application rates of these fertilizers do not necessarily lead to high metal contents in the soil.
Additionally, the percentage of the fertilizer sample that is composed of the fertilizer’s active
ingredient varies. For example, the percentage of P2O5 in the phosphate samples ranges from 53 to
15 percent. This means that more of the low-percentage (15 percent) phosphate fertilizers must be
applied to result in equal addition of a unit of P2O5 application than the higher percentage (53
percent) phosphate product. All application rates reported in the OPPT document are used in
combination with the percentage of the active ingredient to estimate metal loading rates in this
analysis.  Fertilizer is assumed to be applied over a period of 100 years for this analysis.

4.1.4 Constituent Composition

4.1.4.1  Metals. Some of the raw materials used in fertilizers contribute to the metal
content of the fertilizers. These raw materials include rock phosphates (for NPK fertilizers),
recycled industrial waste with a high zinc content (for zinc micronutrient fertilizers), and
municipal sewage sludge (for organic fertilizers). In general, on a mass concentration basis
(mg/kg), the primary fertilizers (nitrogen, phosphate, and potash fertilizers) are lower in metal
content (cadmium, lead, nickel, and copper) than the zinc micronutrient fertilizers. 
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 Table 4-1.  Application Rates (lb/acre) per Unit Active Ingredient
 Used in Calculation of Metal Addition to Soil for 

Field Crops, Vegetables, and Fruits

Fertilizer Type
(Active Ingredient)

 50th
Percentile
(Average)
 (lb/acre)

85th
Percentile

(High)
(lb/acre)

95th
Percentile

(Maximum
)

(lb/acre)

Phosphate (P2O5) 84 173 252

NPK applied for phosphorus (P) 84 173 252

NPK applied for nitrogen (N) 124 206 414

Potash (K20) 103 177   534

Sulfur (nutrient) 20 40 60

Sulfur (pH) 800 2,000 2,500

Lime (CaCO3) 4,000 8,000 15,000

Gypsum 2,000 4,000 8,000

Iron 10 20 30

Boron 2 3 4

Manganese 4 10 18

Zinc 5 10 20

Micronutrient mixes 7 NA NA

NA = Not available.
Source:  U.S. EPA (1998).

The metals considered in this analysis include cadmium, lead, arsenic, chromium, mercury,
nickel, vanadium, copper, and zinc. Although additional metals are known to be present in
fertilizers, this risk assessment is limited to data available in the OPPT document. Note that in the
OPPT document the number of metals analyzed in each fertilizer product varied from one to the
entire suite of nine. The limitations on analytical data available for several metals in a number of
fertilizer products increase the uncertainty surrounding this analysis. The ranges of metal
concentrations measured in different fertilizers are shown in Table 4-2. The application rates
discussed in the previous section (Table 4-1), along with the concentration of metals in the
fertilizers (Table 4-2), are used to calculate metal additions to the soil (mg/kg) from use of the
various fertilizer products. Detailed data on the metal concentrations in individual fertilizers and
fertilizer application rate distributions are provided in Appendix J.
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Table 4-2.  Metal Concentrations in Fertilizer Products (mg/kg)

Product As Cd Cr Cu Pb Hg Ni Vn Zinc

Phosphate (P2O3) 11.31 
(61)2

0.5-20.53

65 
(57)
0.15-250

173.3
 (27)
63-896

56.6 
(58)
0.2 -1,170

12.2 
(49)
1-200

0.10 
(5)
0.003-0.2

27.5 
(34)
0.5-151

216 
(8)
48.7-721

240.2 
(29)
 31.3-1,550

NPK for phosphorus
(P)

12.8 
(84)
0.05-155

30.6 
(85)
0.03-47

83.9 
(60)
4.3-616

31.4
(88)
0.44-700

216.5
 (85)
0.1-5,425

0.07 
(14)
0.003-0.2

28.5
 (69)
0.5-195

165.7
 (14)
25-396

233.6
 (67)
1-2,193

NPK for nitrogen (N) 5.3 
(49)
0.04-13.2

5.0 
(46)
0.03-47

50.6 
(41)
0.05-201

41.3 
(47)
0.14-544

31.8 
(49)
0.2-422

0.2
 (7)
0.11-0.4

11.8 
(43)
0.1-85.7

64.8 
(42)
0.05-163

204.5
 (38)
0.2-4,442

Potash (K2O) 0.3 
(17)
0.05-1.5 NA

0.5 
(14)
0.05-2.75

1.0 
(43)
0.05-5 NA

0.1 
(16)
0.003-0.2

1.4-
(41)
0.05-4.4

1.2 
(16)
0.05-9

1.6- 
(39)
0.19-8.75

Sulfur (nutrient) 5.0
 (9)
0.1-19

36.6 
(4) 
0.03-145

37.9 
(6)
0.05-214

24.3 
(9)
0.04-109

5.4 
(6)
0.2-15

0.1
 (3)
0.01-0.40

48.9 
(4)
0.1-195

99.1 
(4)
0.046-396

384.8 
(4)
0.21-1,480

Sulfur  (pH) 7.8 
(5)
0.1-19 NA NA

40.4 
(5)
2-109

6.4
 (2)
4-8.7 NA NA NA NA

Lime (CaCO3) 14.6 
(10)
1-48

2.5 
(10)
0.1-8.1

21.2 
(7)
1.25-73

42.0
 (9)
2.3-158

44.5 
(10)
0.7-150

0.1
 (8)
0.01-0.41

7.9 
(8)
1.4-23

14.0 
(8)
1-49

353.0
 (7)
7.7-1770

Gypsum 4.5 
(4)
3-8.5

1.7 
(2)
0.8-2.5

1.4
 (1)

23.7
 (4)
7.2-42

4.6
 (4)
1.5-11

0.011
 (1) 3.0 (1)

33.9 
(4)
1.4-50

53.8
 (1)
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Product As Cd Cr Cu Pb Hg Ni Vn Zinc

Table 4-2.  (continued)

Iron 1,662.3
 (3)
2.5-4,950

177.0
 (2)
20.5-333.5 NA

666.7
 (3)
40-1,750

7,134.7
 (3)
29-18,750 NA NA NA NA

Boron 530.5
 (2)
 21-1,040

0.75 
(1)

1.3 
(1)

8.1
 (1)

5.5
 (1)

0.2 
(1)

2.5
 (1)

16.9 
(1)

6.0
 (1)

Manganese 7.8
 (2)
0.5-15

2.3
 (2)
1.5-3

10.0
 (1)

11.3 
(2)
1.5-21

27.5 
(2)
5- 50

0.01 
(1)

50 
(1)

1.5 
(1)

60.8 
(1)

Zinc 20 
(4)
0.5-45.5

398
 (22)
2 - 2,165

338.9
 (2)
97.8-580

1101
 (4)
3-2050

10,013
(58)
13-52,000

3.36
 (1)

890 
(11)
10-8,950

20.75
 (2)
0.5-41 NA

Micronutrient mixes 41.9 
(2)
0.85-83

27.9
 (2)
.85-55

230
(2)
3.1-457

29,650
(2)
19,400-39,900

1,798 
(2)
5.5-3,590

0.1 
(2)
0.03-0.226

12.5 
(2)
4-21

16.8
 (2)
0.5-33

77,300
(2)
60,300-94,300

NA = Not available.
1Mean.
2(n) = Number of samples.
3Range.
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The OPPT document summarizes expected loadings of metals associated with various
types of fertilizers as follows:  

Application of zinc fertilizers at the maximum application rate results in soil
additions of less than 0.1 kg/hectare of all metals except for lead (0.884 kg/ha).
Phosphate products at the maximum application rate also result in metal addition
to the soil of less than <0.1 kg/ha for all metals except chromium (0.1 kg/ha),
vanadium (0.173 kg/ha), and zinc (0.150 kg/ha). NPK fertilizers applied for N
content and applied at the maximum rate contribute 0.10 kg/ha/year of lead to the
soil. Boron and K2O fertilizers contribute extremely low levels of contaminants,
generally <0.001 kg/ha/year at the maximum application rate, with the exception of
0.023 kg/ha/year of arsenic from boron fertilizers. Iron fertilizers contribute almost
0.5 kg/ha/year of arsenic and 1.6 kg/ha/year of lead to the soil when applied at the
maximum rate. The manganese fertilizers contribute very low levels of
contaminants, with the highest level contributed by the zinc in the manganese
fertilizers at 0.004 kg/ha/year at the maximum application rate. Adding sulfur to
the soil as a nutrient adds 0.18 kg/ha of zinc to the soil; adding sulfur for pH
adjustment adds 0.11 kg/ha of copper to the soil each year at the maximum
application rate. Average additions of zinc and vanadium (0.48 and 0.30 kg/ha,
respectively) are the highest metal additions from gypsum applications. Zinc, lead
and copper (at 6.6, 0.69, and 0.6 kg/a, respectively) are the metals added in
highest quantities with liming agents (Draft Final Report: Background Report on
Fertilizer Use, Contaminants and Regulations, U.S. EPA, 1998). 

4.1.4.2  Dioxins. The Washington State Fertilizer Regulation Act of 1998 required the
Washington State Department of Ecology to determine levels of heavy metals and dioxins in
fertilizers, soil amendments, and soil. The resulting study analyzed both fertilizer products and
background soil. The results are presented in Preliminary Screening Survey for Metals and
Dioxins in Fertilizers, Soil Amendments, and Soils in Washington State (Rogowski and Golding,
1998). Because the OPPT document does not provide data for dioxins in fertilizer products, the
Washington state report is the source for this information. 

Dioxins, polychlorinated dibenzo-p-dioxins (PCDDs), and polychlorinated dibenzofurans
(PCDFs) have been detected in fertilizers and soil amendments. Dioxins are unintended by-
products formed during the combustion of organic compounds in the presence of chloride. The
production of certain chlorinated organic products also produces dioxins as contaminants, as does
chlorine bleaching of wood pulp. Dioxins have no commercial or domestic applications and are
not intentionally produced, except for small quantities used in research. 

Washington state sampled and analyzed 51 fertilizer products, including bulk agricultural
fertilizers, home-use fertilizers, agricultural micronutrient products, and a soil amendment, for 17
dioxin congeners. The results of these analyses were reported using three methods for dealing
with nondetected congeners. The first method assumed that if the congener was not detected, the
concentration of that congener was zero (ND=0). The second method assumed that if the
congener was not detected, the concentration was one-half the detection limit (ND=½ DL). The
third method assumed that if the congener was not detected, the concentration was equal to the
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detection limit (ND=DL). Dioxin congeners are assumed to occur as a complex mixture of
constituents; thus, for this risk analysis, the second method of handling nondetected congeners
was used (i.e., if the congener was not detected, the concentration was set at one-half the
detection limit [ND=½ DL]).  This method was used only for those fertilizer products for which
dioxins were detected in at least one sample. Fertilizers for which no dioxin congeners were
detected in any sample are not included in this assessment. 

According to the report, most fertilizer products analyzed showed nondetectable or
extremely low levels of dioxin congeners. Some fertilizers, however, contained higher levels of
dioxin congeners. Two micronutrient fertilizers had greater than 140 ppt of dioxin congeners, and
one micronutrient exceeded 50 ppt. These three micronutrient fertilizers are believed to be derived
from steel mill flue dust. Table 4-3 shows the fertilizers that were evaluated for potential dioxin
risk and the concentrations of dioxin congeners in each of the fertilizers evaluated. Only those
fertilizers identified in the Washington state report that might be applied to food crops were
evaluated  for this assessment. For example, Shultz Orchid Food is not evaluated in this risk
assessment.

4.1.5 Characterization of Individual Fertilizers

This section provides more detailed information on individual primary nutrient, secondary
nutrient, and micronutrient fertilizers and liming materials and their use patterns in the United
States. This risk assessment focuses on four primary nutrient fertilizers (phosphate, NPK for
phosphorus, NPK for nitrogen, and potash), four secondary nutrient fertilizers (sulfur as a
fertilizer, sulfur as a pH adjustor, liming materials, and gypsum products), and five micronutrient
fertilizers (zinc, manganese, boron, iron, and a mixed micronutrient).

4.1.5.1  Primary Nutrient Fertilizers. 

4.1.5.1.1  Phosphate Fertilizers. Phosphate is a primary nutrient whose content in
fertilizers is measured by the available phosphorus oxide (P205). Examples of phosphate fertilizers
are calcium phosphates, ammonium phosphates, polyphosphates, and superphosphates. In 1996,
approximately 7,204,054 tons of single-nutrient phosphate fertilizers were consumed in the
United States, corresponding to 12 percent of the total fertilizer consumption. The two regions
with the highest phosphate fertilizer consumption are the West North Central (2,827,389 tons)
and East North Central (1,864,977 tons) regions. A review of fertilizer consumption within
individual states indicates that Illinois (832,904 tons) and Iowa (647,541 tons) consume the
largest amount of phosphate fertilizers.

Potatoes have the highest application rates of phosphate fertilizers (173 lb/acre), but
because less than 1 million acres are planted, potatoes do not necessarily use the greatest quantity
of phosphate fertilizers. The crop with the largest number of acres planted (70 million acres) is
corn. At an application rate of 57 lb/acre of phosphate, corn uses the greatest quantity of
phosphate fertilizers. Potatoes and corn are both classified as field crops. Vegetable crops with
the highest application rates of phosphate fertilizers are cucumbers in North Carolina, bell peppers
in California, and head lettuce in Arizona.
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Table 4-3.  Concentrations of Dioxin Congeners in Fertilizer Products Assessed in this Risk Analysis (ppt)
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Iron fertilizer (2)1 0.25 -
0.50

0.58 -
0.34

0.47-
0.30

0.49-
0.35

0.75-
0.55

0.80-
0.55

2.9-
2.12

0.18-
0.21

0.23-
0.23

0.29-
0.25

0.32-
0.35

0.22-
0.21

0.55-
0.35

0.38-
0.43

0.70-
0.31

0.49-
0.40

1.00-
0.80

Liming agents (2) 0.62-
32.

2.9-15 2.6
20

5.5
40

3.7
28

14
160

15
99

3.3
17

2.9
5.5

5-
20

2.8
11

2.3
7.1

3.4
5.8

1.2
0.7

1.95
9.3

1.4
3.7

4.3
1.4

Magnesium (1) 0.13 0.19 0.17 0.16 0.17 0.36 1.3 0.07 0.12 0.18 0.15 0.21 0.30 0.18 0.18 0.14 0.68

Phosphate (1) 0.16 0.12 0.22 0.23 0.26 0.33 1.4 0.18 0.09 0.09 0.15 0.14 0.38 0.16 0.34 0.43 0.28

Potash (1) 0.26 0.28 0.44 0.38 0.35 0.55 1.55 0.18 0.12 0.15 0.23 0.26 0.28 0.31 0.22 0.60 0.75

Zinc Micronutrients
(12)

(0.02-
16)
ND=43

(0.06-
130)
ND=5

(0.08-
130)
ND=6

(0.13-
400)
ND=4

(0.13-
660)
ND=4

(0.28-
1,500)
ND=4

(0.30-
780)
ND=2

(0.11-
410)
ND=3

(0.16-
235)
ND=5

(0.17-
740)
ND=5

(0.18-
850)
ND=4

(0.14-
420)
ND=4

(0.2-
410)
ND=2

(0.07-
62)
ND=6

(0.23-
1,000)
ND=4

(0.17-
360)
ND=4

(0.30-
780)
ND=4 

Source: Rogowski and Golding (1998).

1 Number of samples.
2 Bolded values are measured or estimated (J) values. Nonbolded values are nondetects for which half the detection limit was used. 
3 Number of nondetects for which half the detection limit was used.

ND = Nondetect.
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 Phosphate fertilizers are known to contain varying levels of heavy metals such as
cadmium, lead, nickel, and chromium (Charter et al., 1993; Mortvedt, 1987). These metals may
originate in the phosphate rock (Kpomblekou-A and Tabatabai, 1994; Mortvedt and Giordano,
1977), and much of the cadmium, and other metals, remains with the phosphate during processing
(Wakefield, 1980).

4.1.5.1.2  Potash Fertilizers. Potassium oxide (K2O), also termed potash, is a primary
nutrient of plants. Examples of potash fertilizers are potassium chloride, potassium sulfate,
potassium nitrate, and potassium thiosulfate. Approximately 5,988,338 tons of potash fertilizers
were applied in 1996 in the United States, corresponding to 10 percent of the total fertilizer
consumption. The regions with the highest consumption of potash fertilizers are the East North
Central (2,524,402 tons) and West North Central (1,739,704 tons) regions. Among individual
states, Illinois (979,455 tons) and Iowa (699,879 tons) consume the largest amount of potash
fertilizers.

Tobacco fields have the highest application rates of potash fertilizers (203 lb/acre), but
because less than 1 million acres of tobacco are planted, tobacco does not necessarily use the
greatest amount of potash. Corn, with a potash application rate of 79 lb/acre for 70 million acres,
uses the greatest quantity of potash (U.S. EPA, 1998). Vegetable crops with the highest
application rates of potash fertilizers are fresh tomatoes, celery, and bell peppers in Florida.

4.1.5.1.3  Nitrogen Fertilizers. Single-nutrient nitrogen fertilizers are described but not
included in this analysis because no data are available for metal concentrations in them.
Multinutrient fertilizers (NPK) applied for nitrogen are considered here, however. Nitrogen is a
primary nutrient that is an essential element for plant growth. The nitrogen content in fertilizers
indicates the amount of N available for plant growth. Examples of nitrogen fertilizers are nitrates,
ammonium salts, liquid ammonium, urea, and natural organics. Approximately 23,412,475 tons of
primary nitrogen fertilizers were consumed in the United States in 1996. The regions with the
highest nitrogen fertilizer usage are the West North Central (7,547,376 tons) and East North
Central (4,568,739 tons) regions. An analysis of fertilizer consumption for individual states shows
that Illinois (1,920,268 tons) and Iowa (1,819,846 tons) consume the largest amount of nitrogen
fertilizers.

Potato fields have the highest application rates for nitrogen fertilizers (195 lb/acre), but
because less than 1 million acres of potatoes are planted, potatoes do not use the most nitrogen
fertilizers. Again, corn, with a nitrogen application rate of 133 lb/acre for 70 million acres, uses
the greatest quantity of nitrogen fertilizers. Vegetable and fruit crops with the highest application
rates for nitrogen fertilizers are watermelons and lettuce.

4.1.5.1.5  NPK Fertilizers Applied for Phosphate or Nitrogen. NPK fertilizers are
multiple-nutrient, primary fertilizers that contain any combination of nitrogen, phosphorus, and
potassium (NPK, NP, NK, or PK). Approximately 19,049,707 tons of these fertilizers were
consumed in the United States in 1996, corresponding to 31 percent of the total fertilizer
consumption. Multiple-nutrient fertilizers can be applied for either phosphate or nitrogen use. This
analysis models these two types of fertilizer applications separately. 
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The regions with the highest multiple-nutrient fertilizer usage are the South Atlantic
(4,428,838 tons), West North Central (3,409,920 tons), and East North Central (3,183,297 tons)
regions. Among individual states, Texas (1,622,103 tons) and Florida (1,562,946 tons) consume
the largest amount of multiple-nutrient fertilizers.

4.1.5.2  Secondary Nutrient Fertilizers

4.1.5.2.1  Sulfur Fertilizers. Sulfur fertilizers can be used either as nutrient fertilizers or
for pH adjustment. This risk assessment considers these two uses of sulfur fertilizers as separate
scenarios. According to the OPPT document, almost 60 percent of the potato acreage in the
United States received sulfur and micronutrient fertilizers. This is a much greater percentage than
any of the other field crops. The application rate for sulfur on potatoes also is much higher than
other field crops (82 lb/acre for potatoes compared to 11 to 13 lb/acre for other field crops). 

4.1.5.2.2  Liming Materials. A liming material is defined as “a product whose calcium
and magnesium compounds are capable of neutralizing soil acidity” (AAPFCO, 1997b).
Approximately 2,219,922 tons of lime fertilizer were used in the United States in 1996,
corresponding to 3.6 percent of the total fertilizer consumption. Among individual states, North
Carolina (947,126 tons) and California (621,915 tons) consumed the largest amount of liming
materials. Liming materials may include recycled waste materials such as cement kiln dust (CKD).

4.1.5.2.3  Gypsum Products. Gypsum is defined as “a product consisting chiefly of
calcium sulfate with combined water (CaSO4

.2H2O) . . . capable of neutralizing soil acidity. It
occurs in large deposits of soft crystalline rock and as sand. A granulated form has been
developed for application to soil (for growing peanuts and other crops) as a calcium source or a
sulfur source either by itself or in a blend of other fertilizers. In irrigated agriculture, it is used to
increase permeability of soils” (Fertilizer Dictionary, Farm Chemicals Handbook, 1997).

According to the OPPT document, about 50 percent of the secondary nutrient and
micronutrient fertilizers (1,371,644 tons) were gypsum products. 

4.1.5.3  Micronutrient Fertilizers. Zinc, manganese, boron, and iron fertilizers are the
micronutrients considered in this report. Although micronutrients are essential for normal plant
growth, they are required in relatively small amounts. According to the OPPT document, about
1.5 percent of the secondary nutrient and micronutrient fertilizers were zinc fertilizers (41,149
tons), while about 1 percent of the secondary nutrient and micronutrient fertilizers were iron
fertilizers (27,432 tons). Studies have documented the presence of heavy metals in zinc
micronutrient fertilizers (Mortvedt, 1985). Zinc micronutrient fertilizers are known to include
recycled waste materials such as K061 and tire ash.

4.2 Geographic Location and Associated Parameters

Geographic location determines numerous significant factors in a risk analysis.
Distributions of climate and soil parameters, key components of the risk assessment, are
determined based on geographic location. This section describes the meteorological regions
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assessed in this analysis and identifies and provides information on key climate, soil, and crop data
used to conduct the assessment.

4.2.1 Meteorological Regions

This analysis assesses the use of fertilizers in 29 meteorological regions within the
continental United States. The 29 meteorological stations representing those regions are listed in
Table 4-4. A map delineating the 29 meteorological regions is provided in Figure 4-1. The
meteorological regions are identified in an assessment conducted for EPA’s Superfund soil
screening levels (SSLs) program (Environmental Quality Management, Inc. [EQM], 1993). These
meteorological data are considered representative of both broad geographic climate regions that
characterize the continental United States and more narrowly defined meteorological stations for
which data are available throughout the United States. This section describes the methodology
used to select these 29 regions. 

In the Superfund analysis, meteorological data derived primarily from the Support Center
for Regulatory Air Models (SCRAM) bulletin board, which provides information on 200
meteorological stations in the United States, were used to subdivide the continental United States
into 29 meteorological regions. The SCRAM bulletin board can be accessed at
http://www.epa.gov/scram001. The 29 meteorological stations are distributed among 9 general
climate regions based on meteorological representativeness and variability across each region.
These regions are the North Pacific Coastal, South Pacific Coastal, Southwest, Northwest
Mountains, Central Plains, Southeast, Midwest, Northern Atlantic, and South Florida. 

Once the regions were identified, large-scale regional average meteorological conditions
were used to select representative meteorological stations within each of the 29 regions. Based on
statistical analyses, the 29 meteorological stations were determined to be representative of the 200
meteorological stations in the United States for which data are available from the SCRAM bulletin
board.

The 29 regions were then further refined using a geographic information system (GIS),
which integrates climate and meteorological data from various geographic databases. The GIS
data were used to construct more accurate meteorologic-based boundaries around each station.
This effort was undertaken to ensure that each region represented an area in which the
meteorological conditions were most similar to conditions measured at the meteorological station.
As a first step in this process, the boundaries were adjusted to correspond to Bailey’s ecological
divisions and provinces (Bailey, 1996). Bailey’s regions are defined primarily on physiography and
climate. Bailey recognizes all natural ecosystems by differences in climatic regime. Climate, as a
source of energy and moisture, acts as the primary control of the ecosystem. Other important
criteria for establishing the limits of ecosystems are soil and landform. Thus, by using Bailey’s
ecoregions to help define the boundaries of the climate region landforms, soil and climate were
considered.  
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Table 4-4.  Meteorological Stations

City

Meteorological Station Latitude Longitude

State Number Degree Minute Degree Minute

Albuquerque NM 23050 35 3 106 37

Atlanta GA 13874 33 39 84 25

Bismarck ND 24011 46 46 100 45

Boise ID 24131 43 34 116 13

Casper WY 24089 42 55 106 28

Charleston SC 13880 32 54 80 2

Chicago IL 94846 41 59 87 54

Cleveland OH 14820 41 25 81 52

Denver CO 23062 39 46 104 52

Fresno CA 93193 36 46 119 43

Harrisburg PA 14751 40 13 76 51

Hartford CT 14740 41 56 72 41

Houston TX 12960 29 58 95 21

Huntington WV 03860 38 22 82 33

Las Vegas NV 23169 36 5 115 10

Lincoln NE 14939 40 51 96 45

Little Rock AR 13963 34 44 92 14

Los Angeles CA 23174 33 56 118 24

Miami FL 12839 25 49 80 17

Minneapolis MN 14922 44 53 93 13

Philadelphia PA 13739 39 53 75 15

Phoenix AZ 23183 33 26 112 1

Portland ME 14764 43 39 70 19

Raleigh-Durham NC 13722 35 52 78 47

Salem OR 24232 44 55 123 0

Salt Lake City UT 24127 40 47 111 57

San Francisco CA 23234 37 37 122 23

Seattle WA 24233 47 27 122 18

Winnemucca NV 24128 40 54 117 48

Source:  EQM (1993).
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Next, the Agency evaluated other physiographic features not addressed in Bailey’s criteria
but likely to influence climate conditions in certain atypical climatic areas. This evaluation helped
ensure that the following unique regions were addressed within the selected regions: coastal
regimes, which are dominated by coastal climate effects (these are generally narrow regions
stretching about 25 to 50 miles inland); tropical/subtropical and arid/semiarid divisions in the
southwestern United States; and northwestern regions within Washington, Oregon, and
California, which are characterized by the more humid marine/redwood or Mediterranean
mountain regimes. General wind regimes also were considered in defining the 29 regions. The
data from the 29 selected meteorological stations were considered to be representative of the
climate regions, and all modeling was conducted using these data.

4.2.2 Agricultural Land Use 

This analysis is limited to fertilizer application to agricultural soil. The assessment used the
Geographic Information Retrieval and Analysis System (GIRAS) (EPA Office of Information
Resource Management [OIRM], 1994) to identify geographic areas used for agriculture. GIRAS
provides comprehensive land use data in digital GIS format. The GIRAS database designates
agricultural land as Anderson Level I: Land Use Code 2. At the next level (Level II), agricultural
lands are divided into subcategories of agricultural use. These categories are designated as
Anderson Level II: Land Use Codes 21 through 24 (see Table 4-5). 

4.2.3 Climate Data

Detailed climate and meteorological data are required to model primary exposure
pathways. Meteorological data (e.g., rainfall) are needed to model erosion and overland transport
of soil from fertilizer-amended fields to adjacent fields and waterbodies and to model air
dispersion and deposition to estimate concentrations of constituents in surrounding areas due to
windblown dust and particles from agricultural fields. 

The National Climate Data Center (NCDC) is maintained by the National Oceanic and
Atmospheric Administration (NOAA) in partnership with regional and state climatologists. These
data are used to obtain annual precipitation, average annual temperature, and annual average wind
speed for use in modeling. NCDC climate data for the 29 meteorological regions are integrated
into EPA’s GIS platform, described earlier.  

Table 4-5.  Anderson Land Use Codes Used to Identify Agricultural Land Use
in the GIRAS Database

Level I Level II

Code 2  Agricultural Land Code 21 Cropland and Pasture

Code 22 Orchards, Groves, Vineyards, Nurseries, and
Ornamental Horticultural Areas

Code 23 Confined Feeding Operations

Code 24 Other Agricultural Land
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A variety of meteorological input is needed to conduct air dispersion modeling. This
analysis uses 5 years of representative surface and upper air data for each of the 29
meteorological regions modeled to determine long-term average air dispersion and deposition
estimates. 

Surface data were obtained from the Solar and Meteorological Surface Observation
Network (SAMSON) CD-ROM (NOAA, 1993) for each meteorological station. These data
include 5 years of hourly observations of the following surface meteorological parameters: 

# opaque sky, 
# temperature, 
# wind direction, 
# wind speed, 
# ceiling height, 
# current weather, 
# station pressure, and 
# precipitation type and amount. 

The corresponding upper air data were obtained from EPA's SCRAM bulletin board.
These data were paired with the surface data for air dispersion modeling using the meteorological
preprocessor PCRAMMET. PCRAMMET pairs the surface data with the upper air data to create
a meteorological file that contains hourly wind speed, wind direction, atmospheric stability class,
temperature, and mixing height. PCRAMMET requires additional inputs based on site-specific
land use data. These inputs were developed for each meteorological location based on GIRAS
data.

Climate data were linked through a GIS platform to other geographically dependent data,
such as agricultural land use, soil property parameters, and crop type, for estimating a nationwide
distribution of risk from the application of fertilizer products.

4.2.4 Soil Data

The physical and chemical properties of soil are among the most important parameters
affecting the fate and transport of metals and dioxins in agricultural environments. They also are
among the most difficult to simulate realistically through the use of fate and transport models. 

Soil characteristics are critical determinants of metal speciation and mobility in the
environment. Important soil-related parameters used in this risk assessment to model the
movement of metals and dioxins in the environment are provided in Table 4-7. A brief description
of some of the most important soil and soil-related parameters that affect metal speciation and
mobility is provided here. Data sources also are described in the following section.    

Note that not all of the soil-related parameters discussed here were used in this risk
assessment. Relationships between many critical soil parameters (e.g., pH, clay content) are very
complex and cannot be estimated by the simple systems used for fate and transport modeling in
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this risk assessment. Instead, complex interactions among soil parameters are addressed only
indirectly in this risk assessment through the use of empirically derived soil-water distribution
coefficients (Kds) and soil-plant uptake factors (Brs) for metals. 

Soil-water distribution coefficients and Brs may be used to account for varying
interactions among critical soil parameters, such as pH and clay content, because these parameters
ultimately affect the Kds and Brs for metals. Therefore, to the extent possible, this analysis
accounts for the interaction among multiple soil parameters by using a distribution of measured
values collected from the literature for Kds and Brs. Distributions of these values were selected
that reflect actual agricultural soil conditions in multiple locations across the country. This
approach empirically addresses the variation in soil parameters, such as pH and clay content, that
cannot be addressed by modeling. 

Although the Kds and Brs were used to account for varying interactions among critical soil
parameters, note that the Kd and Br values are metal-specific and do not account for competition
among multiple metals. Specifically, model simulations were performed for systems comprised of
one single metal at a time (i.e., the potential for competition between multiple metals for available
sorbent surfaces was not considered). Generally, competition of multiple metals for available
sorption sites results in higher dissolved metal concentrations than would exist in the absence of
competition; however, this effect is most significant at greater concentrations than those of the
systems evaluated for this analysis, with the possible exception of zinc and cadmium interactions.
Studies show that when the cadmium-to-zinc ratio is relatively high, the plant uptake of cadmium
from the soil is greatly increased because less zinc is available to inhibit the uptake (personal
communication from Rufus Chaney, 1999). When this ratio is relatively low, zinc is phytotoxic
before significant quantities of cadmium can accumulate in plant tissues. Although phosphate
fertilizers are characterized by relatively high cadmium-to-zinc ratios and may have enhanced
cadmium bioavailability, this relationship and other interactions among metals were not
considered in the model simulations conducted for this risk assessment. 

4.2.4.1  Critical Soil Parameters. This section identifies critical soil parameters and
describes how they affect metal speciation and migration in soil. Because climate factors can
influence the behavior of metals in soil, important climate factors also are identified. 

As noted earlier, not all the parameters discussed in this section were used in the
quantitative fate and transport modeling conducted for this risk assessment. Therefore, the
following discussion also provides information on which parameters were used directly in the fate
and transport modeling and how they were applied. 

Soil Texture/Type—Soil texture affects the migration of metals through the soil column.
For example, water infiltrates more readily through permeable sandy soil that is low in clay and
organic matter than through soil characterized by a high clay and/or organic matter content.
Consequently, leaching or migration of metals is favored in sandy soil. Hydrologic soil groups are
used to describe soils with similar runoff and leaching characteristics. The chief consideration in
designating hydrologic soil groups is the inherent capacity of the soil to permit infiltration. The
predominant soil texture characterizing selected map unit identifiers (MUIDs) in the continental
United States (CONUS) database was determined and then used to obtain values for soil
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parameters, including total porosity, residual water content, soil dry bulk density, and saturated
hydraulic conductivity, all of which are specific to the soil texture identified. These data were
obtained from Carsel and Parish (1988) and used as inputs to the soil partitioning and fate and
transport model described in Section 5.

Fraction Organic Carbon (foc)—Organic matter content is an important parameter in
assessing the fate and mobility of metals in the environment because it represents surfaces to
which metals may sorb. Metals tend to bind to the net negatively charged organic matter. If
sufficient binding sites are available and if the thermodynamics of the system favor metal sorption,
less metal will be available for transport in the dissolved state. In contrast, if there are insufficient
sites available for metal sorption to take place, the metal will remain in the dissolved, more
bioavailable state. The foc was calculated based on the organic matter content of the soil, which is
available by MUID in the U.S. Soils (USSOILS) database. The foc was used directly in the soil
partition model described in Section 5. 

Soil pH—The pH of the soil system describes the acid-base properties of the background
pore water. The pH is an important parameter in assessing the fate and mobility of metals in the
environment because it has a direct effect on metals speciation. Metals are generally most soluble
under acidic conditions (pH <6), although some are also highly soluble under highly alkaline
conditions. 

Soil pH was not used directly as a modeling parameter in this analysis. Instead, the soil pH
was addressed as a function of how it affected the Kd and Br values. For this analysis, empirically
derived values available from the literature were used to define the distribution of Kds and Brs
characteristic of agricultural soils. Variations in pH that occur within the range appropriate for
agricultural soils were assumed to be addressed through the use of representative distributions of
measured Kd and Br values provided in the literature. 

Soil-Water Distribution Coefficients (Kds)—Kds describe metal partitioning between
environmental substrate and aqueous phases. Metal partitioning is important in assessing the fate
and mobility of metals in the environment. Metals that favor partitioning to the substrate are less
likely to be available in the dissolved phase. 

The Kd is metal-specific as well as system-specific. Depending on the metal and the system
parameters, the Kd can range over as many as six or seven orders of magnitude. Ranges of this
size present a challenge in the estimation of a single generic Kd value for use in risk assessment
models. This analysis used Kd distributions that were compiled from Kd values reported in the
scientific literature. Distributions of empirically derived Kds were used directly as inputs to the soil
partitioning model described in Section 5. The database of Kd values compiled by EPA for use in
this effort is provided in Appendix D. Appendix B provides a discussion of the use of models to
derive Kd values and the limitations of using modeled Kds. 

Distribution coefficients also were used to model the risk associated with the dioxin
congeners. In this case, the Kd was calculated as follows:

Kd = Koc x foc (4-1)
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where

Kd = distribution coefficient (kg/L or g/cc)
Koc = organic carbon-water partition coefficient (L/kg)
foc = fraction organic carbon (unitless).

Climate Trends—Precipitation and temperature are the most important attributes of
climatic conditions that influence the behavior of metals in soil. Increased precipitation increases
the volume of leachate and runoff. In addition, an increase in precipitation most likely will
increase the biomass of vegetation with varying effects on soil, depending on temperature. The
following parameters were varied by climate region and used directly in the soil fate and transport
models described in Section 5:

# average annual precipitation,
# average annual evapotranspiration,
# average annual runoff,
# temperature, and
# mean annual wind speed.

4.2.4.2  Sources of Soil Data. This section provides an overview of readily available
sources that contain data on the physical and chemical properties of soils in the United States
based on geographic location. Specific data sources for each of the soil-related parameters used in
this risk assessment are provided in Table 4-7. 

State Soil Geographic (STATSGO) Database—This database is maintained by the Natural
Resources Conservation Service (NRCS). The STATSGO database was designed primarily for
regional, multicounty, river basin, state, and multistate resource planning, management, and
monitoring. These data are collected as part of the National Cooperative Soil Survey (NCSS).
STATSGO combines soil data from individual states to provide integrated nationwide coverage of
the conterminous United States, Alaska, Hawaii, and Puerto Rico. Soil maps for STATSGO are
made by generalizing the detailed soil survey data. The scale for STATSGO maps is 1:250,000.
The STATSGO database is described in greater detail in Appendix C. 

USSOILS Database—This is a smaller database that contains selected variables from the
STATSGO data set. USSOILS contains selected erosion and hydrologic variables from the
STATSGO data set, including

# available water capacity of the soil,
# percentage of clay in the soil, 
# soil erodibility (k-factor) used in the water erosion component of the universal soil

loss equation (USLE), 
# organic matter content in the soil, 

# soil permeability, 
# cumulative thickness of all soil layers, 
# hydrologic characteristics of the soil, 
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# quality of drainage, 
# surface slope, 
# liquid limit of the soil, 
# fraction of a map unit with hydric soils, and 
# annual frequency of flooding. 

The USSOILS database was originally compiled to support a national model of water
quality. USSOILS aggregates the STATSGO layer and component information within a map unit
by depth-averaging median properties over the entire soil column within a unit component and
then area-averaging component values across a map unit. The soil property data obtained from
the USSOILS database for this analysis were the organic matter content and the soil erodibility
factors. Metadata on STATSGO and USSOILS may be found online at
http://www.ftw.nrcs.usda.gov/stat_data.html.

Continental United States (CONUS) Database—This database also contains selected
variables from the STATSGO data set, including

# soil texture class, 
# depth to bedrock, 
# fraction of sand, 
# fraction of silt, 
# fraction of clay, 
# rock fragment class, 
# rock volume class, 
# bulk density, 
# porosity, 
# hydrologic soil groups, and 
# available water capacity. 

The CONUS soil data set was compiled by the Earth System Science Center in the
College of Earth and Mineral Sciences at Pennsylvania State University for application to a wide
range of climate, hydrology, and other environmental models (Miller and White, 1998). CONUS
contains STATSGO soil properties averaged to a depth of 2.5 m for 11 standard layers. The
depths of the layers are given in Table 4-6. This analysis is concerned only with the top three
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Table 4-6. Soil Layer Thickness

Layer Thickness (cm)

1 5

2 5

3 10

4 10

5 10

6 20

7 20

8 20

9 50

10 50

11 50

layers of soil (top 20 cm). Within each STATSGO map unit and CONUS standard layer, soil
properties represent either the predominant property (as with soil texture) or area-weighted
averages of STATSGO component values. Data obtained from the CONUS database were the
predominant soil textures and the percentage of silt. Additional information on CONUS can be
found at http://www.essc.psu.edu/soil_info/index.cgi?soil_data&conus. 

Carsel and Parrish (1988)—The data obtained from the databases described earlier were
also linked to soil descriptions of standard soil types provided in Carsel and Parrish (1988). This
linked reference was used to derive the following soil-related parameters:  

# total porosity (unitless),
# saturated hydraulic conductivity (cm/h),
# saturated volumetric water content (mL/cm3), and
# residual water content (unitless).

Soil Dry Bulk Density—The dry bulk density of soil was calculated using parameters
derived from Carsel and Parish (1988) in accordance with the following equation:  

Bd =  D (1-n) (4-2)

where
Bd = dry bulk density (kg/L or g/cm3)
D = particle bulk density (assume 2.65 g/cm3, quartz)
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n = total porosity = saturated water content.

The dry bulk density equals 1.51 g/cm3 for a loam with a saturated water content equal to 0.43.

EPA Database of Distribution Coefficients (Kds)—Kds used for this analysis were taken
from a recently compiled EPA database of empirically derived Kd values reported in the scientific
literature (Appendix D). In the EPA-generated database used for this analysis, the Kds are
compiled on a metal-by-metal basis for a range of environmental systems. EPA’s compilation of
Kd values was developed for multiple projects, each characterized by its own set of specific
criteria. More than 200 papers were reviewed and the pertinent data recorded in spreadsheets.
The geochemical parameters (e.g., pH, soil type, total metal concentration, dissolved organic
carbon content, particulate organic carbon content, iron oxide content) most likely to influence
the Kd were also entered into the spreadsheets, if provided in the paper. 

For this fertilizer analysis, EPA used only Kd values derived for settings that most closely
approximate the conditions found in agricultural soil. Soil pH and soil type were used to cull the
data set for the fertilizer risk assessment. Other geochemical parameters were also considered for
this purpose (e.g., total metal concentration, organic matter content, iron oxide content). This
type of information, however, was less consistently reported in the literature. 

A more detailed discussion of the significance of Kds for this assessment, the development
of EPA’s Kd database, and the selection of Kd values for this assessment is provided in Appendix
D. The appropriate way to derive and use Kds for fate and transport modeling of metals in soil
was raised by peer reviewers of the CKD risk assessment. Peer reviewers’  comments are
provided in Appendix A and EPA’s analysis of the issue is provided in Appendix B. 

 Table 4-7 provides a summary of the soil data used for this analysis and the sources from
which the data were obtained.

4.2.5 Farm Size 

A nationwide distribution of agricultural farm sizes was examined to select a single 90th
percentile field size to be modeled in this analysis.  The 1992 Agricultural Census was used as a
source for the nationwide distribution of farm sizes, which presents data for the number of farms
in each size range. Table 4-8 presents the data used in this analysis. 

A cumulative distribution of farm sizes was developed based on the total number of farms
and the number of farms within each size range. The size range that most closely approximates the
90th percentile was used in this analysis. Because air modeling is the most time-consuming step in
this risk analysis, a single 90th percentile agricultural area was modeled. A sensitivity analysis was
conducted to assess the effect that the selection of field size has on air dispersion and deposition
modeling. This analysis is discussed briefly in Section 5 and in greater detail in Appendix E. EPA
believes that this method provides a field size suitable for this nationwide analysis.
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Table 4-7.  Soil and Climate Data Used in Fertilizer Analysis

Soil Texture Type Unit Data Source

Dry bulk density of soil
at application location

g/cm3 Calculated from data in Carsel and Parrish (1998)
based on dominant soil texture reported in CONUS soil
database

Saturated volumetric
water content of soil

mL/cm3 Obtained from data in Carsel and Parrish (1998) based
on dominant soil texture reported in CONUS soil
database

Residual water content unitless Obtained from data in Carsel and Parrish (1998) based
on dominant soil texture reported in CONUS soil
database

Weighted average
percentage of silt for top
20 cm

% CONUS soil database

Fraction of organic
carbon in soil at
application location

unitless Calculated using organic matter content reported in
USSOILS database

Distribution coefficients
(Kds) for metals

L/kg EPA database (See Appendix D)

Distribution coefficient
(Kds) for dioxin
congeners

L/kg Calculated in accordance with Kd = Koc x foc. The Koc is
congener specific. See Appendix K for additional
details.

Average annual
precipitation

cm/yr NOAA, 1992

Average annual
evapotranspiration

cm/yr Leeden, 1990

Average annual runoff cm/yr Leeden, 1990

Temperature K NOAA, 1992 

Mean annual wind speed m/s NOAA, 1992 

USLE rainfall/erosivity
factor

yr -1 USDA, 1978 

USLE soil erodibility
factor

tons/acr
e

USSOILS database
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Table 4-8.  Data Used in Selection of Farm Size for
Fertilizer Risk Assessment Modeling

Farm Size Range

Average
Farm Size

 (acres)

Average
Farm Size

(m2)

Number of
Farms in

Size Range

Cumulative
Percentile of

Farms in
Size Range

1 to 9 acres 5 20,235 326,020 0.0849253

10 to 49 acres 29.5 119,387 722,552 0.2861681

50 to 69 acres 59.5 240,797 239,228 0.3484849

70 to 99 acres 84.5 341,972 326,958 0.4336545

100 to 139 acres 119.5 483,617 323,178 0.5178395

140 to 179 acres 159.5 645,497 277,982 0.5902513

180 to 219 acres 199.5 807,377 188,958 0.6394731

220 to 259 acres 239.5 969,257 155,232 0.6799097

260 to 499 acres 379.5 1,535,837 510,670 0.8129346

500 to 999 acres 749.5 3,033,227 372,624 0.91

1,000 to 1,999
acres 1,499.5 6,068,477 203,746 0.963074

2,000 acres or more >2,000
>8,094,00

0 141,756 1

The total areas of the farms within a given size range were summed and the total area
divided by the number of farms in the size range to determine the average size of a farm within
that size range. This area was used in the fertilizer risk assessment modeling.

Because all fertilizer products were assumed to be applied based on the mass per unit area,
the size has no effect on the soil concentration due to fertilizer application. Field size does,
however, correlate positively with the quantity of vapors and particulates that are assumed to
become airborne and dispersed and redeposited on plants and soil and in nearby waterbodies. The
field size also is positively correlated with the quantity of soil eroded from the field and deposited
in the nearby stream. 

4.2.6 Crop Types and Plant Uptake Factors

4.2.6.1  Crop Types. The 1992 Agricultural Census database indicates which crops are
produced commercially in each county in the United States. These data are compiled and
maintained by the Government Information Sharing Project at Oregon State University,
Information Services Census of Agriculture: 1982, 1987, 1992 (available online at
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http://govinfo.kerr.orst.edu/ag-stateis.html). For this analysis, the list of specific crops presented
in the Agricultural Census was evaluated and grouped into five categories: grains, forage, fruit,
herbage, and roots. These categories correspond to categories for which plant uptake factor data
are available. Plant uptake factors are discussed in the following section. The total number of
acres of each crop in each category was selected from the database by county. Data for the
counties within each of the 29 climate regions were summed. The total area within each climate
region where each crop is reported harvested was summed. Detailed data used in this analysis are
presented in Appendix F. 

4.2.6.2  Plant Uptake Factors. Plant uptake factors estimate the concentration of
contaminants in plant tissue as a function of the concentration of contaminants in soil. EPA
collected and compiled plant uptake data specifically for this assessment. References on plant
uptake were identified from the following sources:

# California Department of Food and Agriculture (CDFA) report on risk-based
concentrations for certain metals in fertilizers (CDFA, 1998);  

# Oak Ridge National Laboratory report, Methods and Tools for Estimation of the
Exposure of Terrestrial Wildlife to Contaminants (Sample et al., 1997); and

# Chaney and Ryan's Risk Based Standards for Arsenic, Lead, and Cadmium in
Urban Soils (Chaney and Ryan, 1994).

References cited in these sources were collected, and relevant and appropriate data were
compiled in a plant uptake factor database. In addition, data were entered into the database
directly from the following source without obtaining original citations: 

# Oak Ridge National Laboratory report, Empirical Models for the Uptake of
Inorganic Chemicals From Soil By Plants (Bechtel Jacobs, 1998).

The entire database was then assessed based on the discussion in Chaney and Ryan (1994)
regarding the development of uptake factors. The sources used to populate the plant uptake
database include data from both field studies and greenhouse studies. According to Chaney and
Ryan (1994), greenhouse studies have been reported to result in higher metal uptake than field
studies and, therefore, are considered less representative of agricultural settings. Using only field
data is generally recommended for developing plant uptake factors (Chaney and Ryan, 1994).
Consequently, for this analysis, EPA excluded data from greenhouse studies and relied solely on
field data for all metals, with the exception of nickel and zinc for which insufficient field data were
available. EPA supplemented the field data for these two metals with data from greenhouse and
pot studies. Greenhouse data were used for zinc uptake factors for fruits, grains, and roots and for
nickel uptake factors for fruit. The plant uptake database as well as a more detailed discussion of
the data sources and the database development are provided in Appendix G.
 

Most of the sources of plant uptake data include information on the part of the plant for
which constituent concentrations were measured. Although the terminology used and the level of
specificity varies among reports (e.g, above-ground parts, herbage, stems), the plant parts
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addressed can be divided into a few general categories. The following plant part categories were
used to categorize uptake factor data in this risk assessment: 

# roots, 
# herbage (nonreproductive aerial parts),
# fruits (reproductive parts, including fruits, flowers, nuts, and seeds),
# grains, and
# forage (nonreproductive aerial parts consumed by animals but not by humans).

Metal contaminants are differentially translocated throughout the roots and aerial parts of plants.
These categories are based on discussions in the data sources and in general texts on plant uptake
mechanisms and translocation (Farago, 1994; Fitter and Hay, 1983; Raven et al., 1982; Wilkins,
1990). The derivation of plant categories is further described in Appendix G. 
 
4.2.7 Integration of Geographic Data

The geographic databases described in this section were accessed through the GIS
platform used for this assessment. Use of the GIS platform allowed for determination of all of the
required soil parameters at geographic locations in the United States. Because soil information
was reported by county, soil data were aggregated by meteorological region and data distributions
were developed for each region. These soil data were linked through the GIS platform to other
geographically dependent data, such as climate parameters, agricultural land use, and crop type,
to estimate a nationwide distribution of risk from the application of fertilizer products.

4.3 Description of Receptors and Pathways

4.3.1 Receptors

The receptors in this risk analysis are farmers and their children who are exposed on a
farm where the fertilizer product is applied as directed. Farm children aged 1 to 5 years are
evaluated for this analysis. The relevant exposure routes are 

# Direct ingestion of fertilizer product during fertilizer application, 

# Ingestion of soil amended with fertilizers, 

# Inhalation of particles and vapors in the air during and after fertilizer spreading and
tilling, and 

# Ingestion of plant and animal products produced on soil amended with these
products. 

Farmers are assumed to raise a substantial portion of the food consumed on their own farms,
including fruit, above-ground vegetables, root vegetables, and beef and dairy products. 
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Because the fertilizer product is applied directly to the agricultural field, all exposures to
plant and animal products are assumed to occur where the products are used. Inhalation exposure
by the farmer and child was also estimated on the farm. This is not an unrealistic assumption
because in farming communities residences may be surrounded by agricultural fields amended with
similar fertilizer materials. In this risk assessment, the farmer also is a fisher who consumes a
portion of fish caught from a stream adjacent to a large field amended with a fertilizer product. A
summary of risk assessment pathways and receptors considered in this analysis is provided in
Table 4-9.

The risks for all ingestion pathways for a single constituent are assumed to be additive.
Ingestion exposures are assumed to occur in the same time frame for the same individuals, and the
same health benchmark is applicable to all ingestion exposures. For constituents with
noncancerous endpoints, inhalation exposure is additive to ingestion exposure only if the same
human health benchmark endpoint is applicable to both pathways. Similar additions of risk may be
made for different metals in the same product. For metals, however, only arsenic is considered a
carcinogen by the oral route. All other metals are not carcinogenic by the oral route and do not
have common health benchmark endpoints; thus, ingestion exposures to different metal
constituents in a single product are not considered additive. No other metal exposures are
considered additive because there are no common target organs for the noncancerous human
health benchmarks for these metals. 

Table 4-9.  Summary of Risk Assessment Pathways and Receptors

Pathways Adult Farmer Child of Farmer

Inhalation Pathways

      Windblown emissions T T

      Application and tilling T T

Ingestion Pathways

      Ingestion of product T

      Ingestion of soil T T

      Ingestion of vegetables T T

      Ingestion of fruits T T

      Ingestion of root vegetables T T

     Ingestion of beef and dairy
products T T

     Ingestion of home-caught fish T T



Section 4.0 Establishing Risk Assessment Scenarios

4-29

Each fertilizer product is assumed to be applied independently of all other products. No
addition of risk is assumed among products. There are no data to document co-application of
multiple products, so none were considered in this risk assessment. 

4.3.2 Exposure Pathways

All exposure pathways evaluated are assumed to occur as a result of recommended use
procedures for fertilizer products. Each of the pathways presented here has been evaluated in this
risk analysis:

Product÷human ingestion

Product÷soil÷human ingestion

Product÷soil÷air÷human inhalation

Product÷soil÷air÷plant÷human ingestion (above-ground vegetable, fruit)

Product÷soil÷air÷plant÷cattle÷human ingestion (beef and dairy through forage and
silage)

Product÷soil÷plant÷human ingestion (above-ground vegetable, fruit, root vegetable)

Product÷soil÷plant÷cattle÷human ingestion (beef and dairy through grain, forage and
silage)

Product÷soil erosion÷stream÷fish÷human ingestion

Product÷soil÷air÷stream÷fish÷human ingestion

Each exposure pathway is described in the following section. Information on the exposure factors
necessary for this risk analysis (i.e., food intake rates, exposure duration) and the assumptions
used in the risk estimations are provided in Section 6.

4.3.2.1  Product÷÷Human Ingestion. During handling of the product ingestion, the
farmer may inadvertently ingest some of the product through hand-to-mouth actions. This
ingestion is assumed to occur only during fertilizer application periods. The state of California
estimated that this operation would occur on 16 days per year for primary fertilizer application,
and the same assumption has been made in this risk assessment. Generally, micronutrient
fertilizers are applied less frequently than macronutrient fertilizers (The Fertilizer Institute [TFI],
1999). Micronutrient fertilizer application is assumed to occur at half the rate of macronutrient
fertilizer application, or 8 days per year. This assumption is consistent with assumptions made by
TFI in a recently published assessment of fertilizer applicators (TFI, 1999). Incidental ingestion of
fertilizer is evaluated only for the farmer or farm worker who is assumed to be the fertilizer
applicator for this risk analysis.
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4.3.2.2  Product÷÷Soil÷÷Human Ingestion. Children and adults are assumed to ingest
soil to which a fertilizer has been applied. Soil and dust ingested by children and adults is assumed
to have concentrations of metals and dioxins resulting from 100 years of fertilizer application.
Children are assumed to ingest much higher quantities of soil from ages one to six. After age 7,
children’s soil ingestion rates are assumed to be equivalent to those of adults. Children aged 1 to 5
were evaluated for this assessment.

4.3.2.3  Product÷÷Soil÷÷Air÷÷Human Inhalation. Fertilizer-amended soil particles and
vapors from amended fields are assumed to become airborne through continuous wind erosion
and during tilling. Tilling is assumed to occur only during fertilizer application. In this risk
assessment, fertilizer application is assumed to occur on 16 days each year for primary nutrient
application and 8 days each year for micronutrient application. Farmers and their children are
assumed to inhale the annual average concentration of particles and vapors averaged over the area
of the agricultural field. 

4.3.2.4  Product÷÷Soil÷÷Air÷÷Plant and Soil÷÷Plant÷÷Human Ingestion (Above-
Ground Vegetable, Fruit, Root Vegetables). The vapors and particles released due to wind
erosion and tilling are assumed to deposit on the above-ground portions of the plants growing in
the agricultural fields. Some of this material is assumed to be taken into the vegetation. The
vegetation grown in the fertilizer-amended soil also absorbs the metals and dioxins directly
through the roots. Farmers’ and farm children’s intake of fruits and vegetables are assumed to
come from fields amended with the fertilizer product. 
 

4.3.2.5  Product÷÷Soil÷÷Air÷÷Plant÷÷Cattle÷÷Human Ingestion (Beef and Dairy). The
metals and dioxin constituents in fertilizers are assumed to be taken into the plants used as forage,
grain, and silage materials through their roots. In addition, constituents in soil are assumed to
become airborne, and particles and vapors are assumed to deposit on the exposed portion of the
plants and become incorporated into the plant tissue. Cattle are assumed to eat forage and to be
fed grain and silage grown on fertilizer-amended soil. Cattle are also assumed to consume a
quantity of soil while grazing in the field. A portion of the contaminated vegetation and soil is
assumed to be incorporated into the lipid portion of the animal tissue based on constituent-specific
food chain biotransfer factors. Farmers and their children then are assumed to ingest beef and
dairy products from animals that have eaten contaminated produce and ingested contaminated
soil. Constituent-specific food chain biotransfer factors are provided in Appendix K. Information
on exposure assumptions (i.e., food intake rates, exposure duration) is provided in Section 6.

4.3.2.6  Product÷÷Soil Erosion÷÷Stream and Soil÷÷Air÷÷ Stream÷÷Fish÷÷Human
Ingestion. Vapors and particles from wind erosion and tilling of agricultural fields are assumed to
deposit in the stream adjacent to the agricultural field. In addition, soil is assumed to erode from
the field to the stream. Contaminants reaching the stream are partitioned among the dissolved
water column, the suspended solids, and the sediment based on distribution coefficients (Kdsw =
suspended sediment-surface water partition coefficient [L/kg] and Kdbs = bottom sediment-
sediment pore water partition coefficient [L/kg]). See Appendices D and K. The fish in the stream
are assumed to be exposed to all constituents reaching the stream. Fish are assumed to
incorporate a portion of the constituents into the lipid fraction of fish tissue based on constituent-
specific biotransfer factors. Farmers and their children are assumed to ingest a portion of home-
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caught fish from this stream as a portion of their regular diet. Constituent-specific fish
bioconcentration factors are provided in Appendix K. Dietary assumptions are provided in Section
6. 
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# The contaminant concentration in the vapor phase is assumed to be linearly related
to the aqueous-phase concentration.

# The only mass additions to the system occur during fertilizer applications.

# The contaminant concentrations are assumed to be uniform over the tilling depth.

# There is a thin layer of untilled contaminated soil (the depth equal to the depth of
fertilizer added during the annual application) just below the tilling depth. As this
layer is buried, it is lost from the system and not expected to contribute
significantly to the exposure pathways.

The parameters in this model that are varied in the Monte Carlo analysis are presented in
Table 5-5. This table shows the parameters that are varied and the larger group of variables to
which each parameter is linked (e.g., product-specific).

Table 5-5.  Parameters Varied in the Soil Partitioning Model

Parameter Parameter Grouping

Constituent concentration Product-specific

Application rate Product-specific

Annual precipitation Climate region-specific

Annual irrigation Climate region-specific

Annual evapotranspiration Climate region-specific

Annual runoff Climate region-specific

Annual infiltration Climate region-specific

Soil water porosity Climate region-specific

Soil air porosity Climate region-specific

Soil total porosity Climate region-specific

Kd Constituent-specific

5.2.2.3  Surface Water Modeling. This analysis includes estimates of risk from the
ingestion of fish taken from waterbodies  adjacent to fields amended with fertilizer. For this
analysis, the waterbody is assumed to be a stream adjacent to the agricultural field to which
fertilizer has been applied. Constituents in fertilizers can reach the stream from the agricultural
field through soil erosion or wind deposition. Windblown deposition is conservatively estimated
to be equal to on-site deposition. Soil erosion from the agricultural field to the adjacent
waterbody is modeled using the integrated setting approach (Beaulieu et al., 1996) developed for
the petroleum refinery listing decision’s nongroundwater risk analysis and presented in
Background Document; Nongroundwater Pathway Risk Assessment; Petroleum Process Waste
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Figure 5-1.  Diagram of integrated soil erosion setting.

Listing Determination (U.S. EPA, 1997d).  See Figure 5-1 for a diagram of the integrated setting
used in this analysis.

5.2.2.3.1  Soil Erosion. The method of estimating risk from the overland transport
pathways was modified by EPA’s Office of Solid Waste (OSW) and Office of Research and
Development (ORD). The USLE was modified to estimate soil erosion and overland transport of
sediment from agricultural fields across intervening areas to nearby waterbodies by evaluating this
process in an integrated setting (Beaulieu et al., 1996). These modified USLE equations were
used for this analysis. 

For  this analysis, the area, including the agricultural field and the intervening area, is
considered to be an independent drainage sub-basin. The soil erosion load from the sub-basin to
the waterbody was estimated using a distance-based sediment delivery ratio, and the sediment not
reaching the waterbody was assumed to be deposited evenly over the area of the sub-basin. Thus,
using mass balance equations, contributions to the constituent concentrations of the waterbody
and of the soil can be estimated. The equations implementing the concept of the integrated setting
are based on the following assumptions:

# The area of the agricultural field and the area between the field and the nearest
waterbody make up a discrete drainage sub-basin. This area is shown in
Figure 5-1.
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# The sediment delivery ratio (SDSB) and the soil loss rate per unit area are assumed
to be constant for all areas within the sub-basin.

# The amount of soil deposited onto the intervening area through soil erosion was
estimated by assuming that the fraction of soil that did not reach the waterbody
remains in the sub-basin.

# The entire sub-basin drainage system is assumed to be at steady state.
Consequently, steady-state soil concentrations for the different subareas (e.g.,
surrounding area) can be calculated using a mass balance approach.

# The soils within the watershed are assumed (on average) to have the same soil
properties (e.g., bulk density, soil moisture content), a reasonable assumption for
areas with similar irrigation rates with infrequent tilling. 

# The soil/constituent movement within the entire watershed was evaluated
separately from the soil/constituent movement that occurs in the drainage sub-
basin. Only air deposition of constituents contribute to the constituent
concentrations in soil outside the sub-basin. The contribution of each area within
the watershed to the constituent concentration in the waterbody was estimated
independently and summed to estimate the total waterbody concentration.

# No contributions to constituent concentrations are assumed to occur from sources
other than the agricultural field within the sub-basin.

The values for the soil erosion setting are presented in Appendix I with the equations in which
they were used.

5.2.2.3.2  Constituent Load to Waterbody. The total load to the waterbody (LT) is the
sum of the constituent load via erosion (LE) and the constituent load from pervious runoff (LR).
The total load to the waterbody was used to estimate the risk to the subsistence and/or
recreational fisher from the ingestion of fish. The estimation of LE required the calculation of a
weighted average constituent concentration in watershed soil based on the eroded soil
contribution (Sc,erode), and the LR term required the calculation of a weighted average constituent
concentration based on the pervious runoff contribution (Sc,run). The weighted average constituent
concentration represents the effective watershed soil concentration based on contributions from
the sub-basin and the remainder of the watershed. Most important, the weighted average
concentration accounts for the differences in constituent concentrations in the different areas
within the watershed. The calculation of LT required constituent concentrations to be calculated
for each of the following areas within the watershed: the source, the buffer and the surrounding
area, and the watershed area outside the drainage sub-basin. For the watershed soil outside the
sub-basin, it is assumed that constituents reach the watershed solely by air deposition (i.e., no
erosion component).

If the erosion load (LE) to the surface waterbody for each of these areas is considered
individually, the equation can be written as follows:
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LE ' [Xe,SB × ER × SDSB × A0 × C0 × (
Kds BD

2 % Kds BD
) × 0.001]

% [Xe,SB × ER × SDSB × (
Kds BD

2 % Kds BD
) × 0.001]

% [Xe,SB × ER × SDSB × AB/Surr × CB/Surr × (
Kds BD

2 % Kds BD
) × 0.001]

% [Xe × ER × SDWS × [AWS & (A0 % AB/Surr)] × CWS × (
Kds BD

2 % Kds BD
) × 0.001

(5-27)

LE ' [Xe × ER × SDWS × AWS × (
Kds BD

2 % Kds BD
) × 0.001] × Sc,erode. (5-28)

where

LE = constituent load to watershed due to erosion (g/yr)
 Xe,SB = unit soil loss in sub-basin (kg/m2/yr)

ER = enrichment ratio
SDSB = sediment delivery ratio for sub-basin
A0 = area of source (m2) 
C0 = constituent concentration at the source (mg/kg)
BD = soil bulk density (g/cm3)
Kds = soil-water partition coefficient (L/kg) or (cm3/g) 
AB/Surr = area of buffer and surrounding area (m2) 
CB/Surr = constituent concentration in buffer and surrounding area (mg/kg)
Xe = unit soil loss in watershed outside of sub-basin (kg/m2/yr)
SDWS = sediment delivery ratio for watershed (unitless)
AWS = area of entire watershed (m2) 
CWS = constituent concentration in watershed soil outside sub-basin (mg/kg).

The enrichment ratio (ER) was included in the revised soil erosion equations. This factor
represents the reality that erosion favors the lighter soil particles, which have higher surface-area-
to-volume ratios and higher organic matter content. Therefore, concentrations of organic
constituents, which are a function of the organic carbon content of the sorbing media, are
expected to be higher in eroded soil than in in situ soil. This factor is generally assigned values in
the range of 1 to 5. A value of 3 for organic contaminants and a value of 1 for metals are
reasonable first estimates and were used in this analysis (U.S. EPA, 1993a).

Alternatively, this equation can be written in terms of an average weighted soil
concentration for the watershed that results in the same constituent load as a function of erosion
and sediment delivery. The Sc,erode term shown at the end of Equation 5-28 reflects this
modification, as follows:
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Sc,erode '
(Xe,SB ×As×C0 ×SDSB) % (Xe,SB ×AB/Surr×CB/Surr×SDSB) % (Xe,SB ×SDSB)

Xe ×SDWS×AWS

%
{[AWS & (A0 % AB/Surr)] × CWS}

AWS

(5-29)

LR ' R × (Aws & AI ) ×
Sc × BD

2 % Kds × BD
× 0.01 (5-30)

Setting LR equal to each other in the previous two equations and solving for Sc,erode yields
the following:

where

Sc,erode = l
As = l
SDSB = l.

Equation 5-30 accounts for differences in the sediment delivery ratios (SD), surface areas
(A), and mixing depths (Z) for discrete areas of the watershed (i.e., source, receptor field, buffer/
surrounding areas, and remaining watershed). Similarly, the weighted average for runoff losses
(ksr) is derived using the areas for various watershed components (e.g., receptor site field,
watershed outside drainage sub-basin); however, different sediment delivery ratios are not
required because soil in the area is considered to be similar and the slope is considered uniform. It
is possible to generate simple area-based weighting factors because the rainfall runoff per unit area
is assumed to be constant for the entire watershed area.

The total load to the waterbody (LT) also requires the constituent load from pervious
runoff (LR). The LR term is calculated using Equation 5-29, as follows:

where

LR = pervious surface runoff load (g/yr)

 R = average annual surface runoff (cm/yr)

Aws = area of entire watershed (m2)

AI = impervious watershed area receiving constituent deposition (m2)

Sc = weighted average constituent concentration in total watershed soil (watershed
and sub-basin) based on surface area (mg/kg)
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MB/Surr(dCB/Surr / dt) = (SL0,B/surr C0) + [MB/Surr (Ds(1),B/Surr - ksB/Surr CB/Surr)] (5-31)

CB/Surr  =  (C0 SL0,B/Surr + MB/Surr Ds(1),B/Surr)/(MB/Surr ksB/Surr) . (5-32)

CWS  = Ds(1),WS / ksWS (5-33)

BD = soil bulk density (g/cm3)

2 = volumetric soil content of soil (cm3/cm3)

Kds = soil-water partition coefficient (L/kg) or (cm3/g) 

0.01 = units conversion factor (kg-cm2/mg-m2).

Assuming that the ratio of pervious soil to impervious soil is the same for each of the
designated areas, a correction for areas that do not erode (streets, rocks, and so on) can be added
to Equation 5-28 by replacing AWS with AWS - AI, where AI equals the total impervious area in the
watershed. 

5.2.2.3.3  Constituent Concentrations Throughout the Watershed Area. The constituent
concentrations for the buffer and surrounding area (CB/Surr) and the watershed area outside of the
drainage sub-basin (CWS) are required to solve Sc,erode. As suggested previously, a mass balance
approach was used to calculate the constituent concentrations for all watershed components.

The concentration in the buffer and surrounding area can be calculated as follows:

where

 MB/Surr = mass of the buffer and surrounding area (kg)
CB/Surr = constituent concentration in the buffer and surrounding area (mg/kg)
SL0,B/Surr = soil load from source to buffer/surrounding areas (kg/yr) 
C0 = soil constituent concentration at the source (mg/kg)
 Ds(1),B/Surr = air deposition rate from source to buffer and surrounding area (mg/kg-yr) 
 ksB/Surr = constituent loss rate coefficient for the buffer/surrounding area (per/yr). 

At steady state, this equation may be solved for CB/Surr as follows:

For the watershed soil outside the sub-basin, it is assumed that constituents reach the
watershed solely by air deposition (i.e., not through erosion). Using similar mass balance and
steady-state assumptions, the constituent concentration in watershed soil outside the sub-basin
can be calculated using
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where

 CWS = soil constituent concentration in the watershed (mg/kg)
 Ds(1),WS = air deposition rate from source to the watershed (mg/kg/yr) 
 ksWS = constituent loss rate coefficient for the watershed (per yr). 

5.2.2.4  Food Chain Modeling. This analysis also includes estimates of risks to
individuals by indirect food chain pathways (i.e., risks from ingestion of contaminated crops,
livestock, or fish). The indirect exposure model estimates the fate and transport of constituents in
the soil and air through the environment and the food chain to produce human health risk
estimates. 

The model estimates exposure point concentrations in plant and animal tissue. Key inputs
necessary to estimate exposure point concentrations in plant tissue include uptake rates into plants
from soil (soil-plant uptake factor [Br]) and vapor (air-to-plant transfer factor [Bv]) and
deposition of particles onto plant surfaces. The food chain transfer factors used to estimate
exposure point concentrations in animal tissue included beef and dairy transfer factors to represent
uptake of constituents in plants into the lipid fraction of beef and dairy products. For this analysis,
the constituent-specific Monte Carlo inputs included a distribution of values for Br. All other
values for food chain biotransfer factors were considered constituent-specific constant values.

The model also estimates the exposure point concentration in fish. The concentration of
constituents in fish tissue is dependent on the concentration of constituents in the stream
environment. The constituent concentration in fish tissue was estimated using constituent- specific
constant values for the biotransfer factors. For metals, these factors are bioaccumulation factors
(BAFs) representing transfer from the dissolved water column to fish tissue or bioconcentration
factors (BCFs) representing transfer from the total water column (dissolved and suspended
solids); however, for dioxins, bioaccumulation from sediment factors (BASFs) are used. The fish
ingestion pathway and the ecological screening analysis are estimated using the same exposure
point concentrations estimated for the stream environment. 

5.2.2.4.1  Estimation of Metals and Dioxin Concentrations in Plants Grown in
Fertilizer-Amended Soil. Plant bioaccumulation of metals and dioxins is assumed to be
associated with different primary transfer processes. Metals are assumed to be incorporated into
plant tissue primarily through root uptake of metals from the soil. Plants are also subject to aerial
deposition of fertilizer material stirred up or dispersed into the air during tilling. For the human
ingestion pathway, it is assumed that all but a small proportion of aerially deposited particulates
are washed off before eating; farm animals are assumed to ingest whatever particulates were
deposited on feed crops. Air deposition rates are estimated in the air dispersion model (see
Section 5.2.2.1). The plant-soil uptake factors (Brs) for metals used in this assessment were
developed specifically for this effort because existing Br values were not directly applicable to the
specific conditions of metals applied with fertilizers to agricultural soil. The methodology used to
collect Br data for this assessment is discussed below.

  Dioxin congeners are assumed to be incorporated through root uptake and air-to-plant
transfer. The methodology presented in  Estimating Exposure to Dioxin-Like Compound, 
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Volumes I-III:  Site-Specific Assessment Procedures (U.S. EPA, 1994a) is followed for this
analysis. A plant uptake factor (Br) is used to estimate the bioconcentration of each congener in
aboveground crops, and a root concentration factor (Rcf) was used for root crops. Values for Br
and Rcf are taken from the dioxin document (U.S. EPA, 1994a). The value for these parameters
for each dioxin and furan congener is presented in Appendix K.

Rainsplash of soil onto the lower leaves of vegetation is not incorporated in the current
analysis. Rainsplash is a mechanism of direct transfer of soil to the lower leaves of vegetation and
could be included as an additional source of contamination for aboveground produce and  forage
(Dreicer and Whicker, 1984). 

5.2.2.4.1.1  Soil-to-Plant Uptake Factors for Metals. Plant uptake factors (Brs) estimate
the concentration of a contaminant in plant tissue as a function of the concentrations in the soil. In
planning for this analysis, EPA evaluated Br values used in similar assessments, including the
analysis conducted for EPA’s Standards for the Use or Disposal of Sewage Sludge (40 Code of
Federal Regulations [CFR] Part 503) and the fertilizer risk assessment conducted by the state of
California (CDFA, 1998). Uptake factors derived for the Part 503 standards are specific to
sewage sludge matrices and are inappropriate for estimating  biouptake for fertilizer-amended soil.
The data used in the California study are specific to fertilizers and, therefore, can be appropriately
used here, but the data set is limited. Consequently, EPA developed a more comprehensive
database on Br values for metals specifically for this analysis. The EPA database combines plant
uptake data from several significant sources, including:

# California Department of Food and Agriculture’s (CDFA’s) Risk-Based
Concentrations for Arsenic, Cadmium, and Lead in Inorganic Commercial
Fertilizers (CDFA, 1998)

#  Oak Ridge National Laboratory’s (ORNL’s) Methods and Tools for Estimation of
the Exposure of Terrestrial Wildlife to Contaminants  (Sample et al., 1997)

# ORNL’s Empirical Models for the Uptake of Inorganic Chemicals From Soil By
Plants (Bechtel Jacobs, 1998)

# Chaney and Ryan's Risk Based Standards for Arsenic, Lead, and Cadmium in
Urban Soils (Chaney and Ryan, 1994).

For the data collection effort, all concentration data were screened based on their study
type. Data from sewage sludge applications were not included, and data from greenhouse studies
were noted as such. Uptake factors were developed from a combined data set including both
greenhouse and field data and from a data set of field data only.
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Data Entry Criteria

Sources used in the CDFA, Sample et al., and Chaney and Ryan reports were acquired for
data extraction and entry into the fertilizer database. All retrieved literature was reviewed to
determine if the data were appropriate for entry into the database. The data review and extraction
methods described in the Bechtel Jacobs report were reviewed and found to be compatible; these
data were entered into the database directly from tables in the report. Data from all four sources
were entered only if they were from a primary source and presented corresponding soil and tissue
concentrations. Additionally, only data presented numerically or in a format allowing reliable
estimation of numeric values were entered. Regression data were not included. Data for elements
reported in combination were not included. Only individual elements were included. For those
data determined to be appropriate for entry, the following decisions were made:

# Only data from soil depths of 0 to 15 cm were included because the risk model
assumes a tilling depth of that range.

# If present, the values adjusted for possible soil contamination from residue soil
were entered.

# Total concentration was entered, as opposed to exchangeable or any other form of
partial measurement.

# Amended soil concentrations were entered, and background concentrations were
noted where available.

# Because of potential variability, plant weights were not included.

# Where available, it was noted whether the plant tissue was washed to account for
possible soil contamination from residue soils.

To prevent inaccuracies in the database, a quality control (QC) check was performed on
all entered data. The QC check was performed by an auditor other than the data enterer and
consisted of checking 100 percent of the entered data against the original reference. Audit
findings were documented on the hardcopy printout of the data. Upon completion of the QC
check, the data entry personnel reviewed the comments, made the appropriate changes, and noted
on the hardcopy printout that the changes had been made. Explanations of why any indicated
changes were not made were also noted on the hardcopy printout. 

The data included in the plant uptake database include metal concentrations in
corresponding soil and plants, as well as soil and plant species descriptors. Table 5-6 lists the data
elements included.
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Table 5-6.  Plant Uptake Data Elements

Data Elements Description

Study ID Identification of source reference

Constituent Metal 

Chemical form Chemical form of metal measured

Valence state Valence of measured constituent

Media Soil or solution

Soil type Soil classification

Soil pH Reported range and mean values

Study type Field or greenhouse study

Plant part Reported plant part in which concentration was measured

Plant FFC Farm food chain category

Plant species Common name of study plant

Plant uptake category Root, fruit, grain, herbaceous part, or forage

OC% Soil organic content 

Clay % Soil clay content

Soil concentration Measured constituent concentration in soil

Tissue concentration Measured constituent concentration in plant tissue

Plant Categories

Because the plant uptake database combines three existing data sets, it comprises a
particularly wide variety of plant species and plant parts for which concentration data are
reported. Furthermore, the terminology used and the level of specificity varies among reports (e.g,
aboveground parts, herbage, stems, shoots). In order to develop uptake factor distributions, the
concentration data were divided into categories based on the plant part for which the metal 
concentration was reported. Distinct uptake factor distributions were then developed for each
category and for each metal. 

The basis for the category divisions was the plant part for which plant tissue
concentrations were reported. EPA assumed that plant uptake and translocation of metals are
distinct in roots versus aboveground parts and flowering or fruiting structures. This assumption is
based on evidence in the primary data sources, several of the reports from which data were
extracted, and general texts on plant uptake mechanisms and translocation (Farago, 1994; Fitter
and Hay, 1983; Raven et al., 1982; Wilkins, 1990) that metal contaminants are differentially


